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Abstract

Background: The neurotransmitter serotonin (5-HT) affects valvular degeneration
and dogs with myxomatous mitral valve disease (MMVD) exhibit alterations in 5-HT
signaling. In Maltese dogs, 3 single nucleotide polymorphisms (SNPs) in the 5-HT
transporter (SERT) gene are suggested to associate with MMVD.
Hypothesis/Objectives: Determine the association of SERT polymorphisms on
MMVD severity and serum 5-HT concentration in Cavalier King Charles Spaniels
(CKCS). Additionally, investigate the association between selected clinical and hema-
tologic variables and serum 5-HT and assess the correlation between HPLC and
ELISA measurements of serum 5-HT.

Animals: Seventy-one CKCS (42 females and 29 males; 7.8 [4.7;9.9] years (median
[Q1;Q3])) in different MMVD stages.

Methods: This prospective study used TagMan genotyping assays to assess SERT
gene polymorphisms. Neurotransmitter concentrations were assessed by HPLC and
ELISA.

Results: TagMan analyses identified none of the selected SERT polymorphisms in
any of the CKCS examined. Serum 5-HT was associated with platelet count
(P < .001) but not MMVD severity, age or medical therapy and did not correlate with
serum concentration of the 5-HT metabolite, 5-hydroxyindoleacetic acid. The ELISA
serum 5-HT correlated with HPLC measurements (p = .87; P < .0001) but was lower
(mean difference = —22 ng/mL; P = .02) independent of serum 5-HT concentra-
tion (P = .2).

Abbreviations: 5-HIIA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; ACVIM, American College of Veterinary Internal Medicine; BW, body weight; CHF, congestive heart failure; Cl, confidence
interval; CKCS, Cavalier King Charles Spaniel; CV, coefficient of variation; DBP, diastolic blood pressure; DOPAC, 3,4-dihydroxyphenylacetic acid; Emax, early E wave transmitral peak velocity;
F, female; FS, fractional shortening; HPLC, high performance liquid chromatography; HVA, homovanillic acid; LA/Ao, left atrial to aortic root ratio; LVIDDN, left ventricular end diastolic diameter
normalized for BW; LVIDSN, left ventricular end systolic diameter normalized for BW; M, male; MBP, mean blood pressure; MHGP, 3-methoxy-4-hydroxyphenylglycol; MMVD, myxomatous
mitral valve disease; MR, mitral regurgitation; SBP, systolic blood pressure; SERT, serotonin reuptake transporter; SNP, single nucleotide polymorphism; TCP, thrombocytopenia.
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1 | INTRODUCTION

Myxomatous mitral valve disease (MMVD) is a common cardiovascular dis-
order in dogs, particularly among Cavalier King Charles Spaniels (CKCS).2*
Serotonin (5-hydroxytryptamine, 5-HT) is an important neurotransmitter
for cardiac valvular development and function®” and recent studies in dogs
and humans have focused on the association between 5-HT and MMVD.8
The protein 5-HT-reuptake transporter (SERT) controls uptake, storage and
metabolism of circulating 5-HT® and downregulation of SERT has been
linked to MMVD because a reduction of its expression, activity or both in
platelets could increase free plasma 5-HT.” In dogs with MMVD, decreased
SERT expression and decreased SERT protein levels have been

d,'%% and higher 5-HT concentrations in serum, platelet-rich

reportel
plasma and platelets have been reported in dogs with MMVD compared to
healthy controls and in CKCS compared to other breeds.!?8 There is large
individual variation in circulating 5-HT concentration in CKCS,Y” which
could be because of differences in SERT genotype. In Maltese dogs, there
are higher serum 5-HT concentrations compared to other breeds,'® and
furthermore, SERT gene single nucleotide polymorphisms (SNPs) are asso-
ciated with MMVD.?” Three SNPs were suggested to be damaging to
SERT protein function and structure and thus, it is possible that certain
SERT polymorphisms are associated with development of severe MMVD
and higher circulating 5-HT concentration in dogs.

The roles of different neurohormonal systems are well-described in
MMVD.?° These systems are activated in response to disease development
in order to modulate physiological responses and temporary hemodynamic
support. Monoamine neurotransmitters and their metabolites can be classi-
fied into (a) the serotonergic system consisting of 5-HT and its major metab-
olite 5-hydroxyindoleacetic acid (5-HIAA), (b) the adrenergic system
consisting of adrenalin, noradrenaline and its metabolite 3-methoxy-
4-hydroxyphenylglycol (MHGP), and (c) the dopaminergic system consisting
of dopamine and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC)
and homovanillic acid (HVA).?? In humans, circulating concentration of
5-HIAA has been suggested as a marker for diagnosing and monitoring neu-
roendocrine 5-HT producing tumors,?? but in dogs with MMVD, circulating
5-HIAA concentration has not been investigated previously. However, in
CKCS with preclinical MMVD, urinary 5-HIAA concentration is not associ-
ated with MMVD severity or serum 5-HT concentration.'® Higher circulat-
ing concentrations of other neurotransmitters including adrenaline and
noradrenaline occur in dogs with congestive heart failure (CHF) because of
MMVD.%2> However, concomitant investigation of the serotonergic,

adrenergic, and dopaminergic systems has not been undertaken in dogs.

Ve

Conclusions and Clinical Importance: Selected SERT SNPs associated with MMVD in
Maltese dogs were not found in CKCS and only platelet count influenced serum
5-HT concentration. These SNPs are unlikely to be associated with MMVD patho-
physiology or serum 5-HT concentration in CKCS. HPLC and ELISA serum 5-HT
demonstrated good correlation but ELISA systematically underestimated 5-HT.

dogs, ELISA, genetic variation, heart disease, HPLC, serum serotonin

The aim of the present study was to take such an approach in CKCS and to
investigate if SERT polymorphisms previously identified in Maltese dogs are
present and associated with serum 5-HT concentration, MMVD severity or
both. In addition, it was investigated (a) if serum 5-HT concentrations mea-
sured by high performance lipid chromatography (HPLC) were associated
with MMVD severity, selected clinical variables (age, sex, platelet count in
EDTA-anticoagulated blood, and medical therapy) or correlated with serum
5-HIAA, (b) if serum 5-HT concentrations measured by HPLC and ELISA
were correlated, and (c) if the concentration of additional selected serum
neurotransmitters (5-HIAA, adrenaline, noradrenaline, MHGP, dopamine,
DOPAC, and HVA) measured by HPLC, differed between MMVD stages.

2 | MATERIALS AND METHODS

21 | Dogs

The study was performed at the Department of Veterinary and Animal
Sciences, University of Copenhagen from October 25, 2018 to May
23, 2019 and approved by the Danish Animal Experiments Inspectorate
(license no. 2016-15-0201-01074). Client-owned CKCS with no MMVD
or different stages of MMVD were prospectively enrolled in the study and
included dogs examined for breeding approval, voluntary examinations
and invited dogs. None of the dogs were related at the parental level.
Written informed consent forms were signed by all owners. Dogs with
cardiac disorders other than MMVD, unsuccessful blood collection as well
as dogs with considerable deviations from reference intervals on complete
blood count and a standard serum biochemistry profile were excluded.

All CKCS were examined by a standardized protocol including: inter-
view with the owner, venous blood collection, physical examination with
focus on the cardiovascular system, blood pressure measurement and
echocardiography. Mitral regurgitation murmur intensity was graded
1-6/6.2¢ High definition oscillometry equipment (Vet HDO monitor
[Memodiagnostic], S + B medVET GmbH, Babenhausen, Germany) on the
proximal part of the tail was used to determine blood pressure®” and an

average of 5 repetitive measurements was used as previously described.?

2.2 | Blood sampling

Blood was collected from the jugular vein in fasted dogs with a

vacutainer system connected to a 21-G butterfly catheter into plain
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tubes and tubes containing EDTA. Manual platelet count was per-
formed after adding 20 pL of EDTA-stabilized whole blood to
380 plL of stromatolytic solution.2? EDTA-stabilized whole blood
was stored at —20°C until batched analysis of SERT genotype
(TagMan). Serum was prepared after 30 minutes of collection by
centrifugation of blood from plain tubes at 3000g for 10 minutes at
4°C. Samples of serum and EDTA-stabilized whole blood were
analyzed at the Veterinary Diagnostic Laboratory (University of
Copenhagen) for a complete blood count and a standard serum bio-
chemistry profile.

Several aliquots of serum were stored in cryotubes at —80°C until
batched analysis of 5-HT concentration (ELISA and HPLC) and additional
neurotransmitters. All samples were analyzed within 17 months after
collection.

23 | TagMan

DNA was isolated from 200 pL EDTA-anticoagulated blood with a
DNA extraction kit (Epicenter Kit, Nordic Biolabs, Sweden) and
kept at —20°C. Three selected SNPs in the SERT gene with
possible functional impact and association with MMVD were:
c.814insG (p.Lys272Arg), c.1193delT (p.Val397Gly), c.1324G>A
(p.Gly442Ser; Table 1).*7
genotyping was performed by TagMan assays established based

Single nucleotide polymorphism
on sequence information extracted from Ensembl, comprising
100 to 200 bp sequences on both sides of the polymorphisms.
Primers and probes were designed for wild type and mutated
sequences, respectively, by Thermo Fischer Scientific, Denmark
using VIC for wild type alleles and FAM for variant alleles. TagMan
real-time PCR was carried out as follows on the Mx3005P plat-
1 pL of genomic DNA
(20-25 ng/pL) was amplified in a total volume of 10 pL reaction

form (Agilent, Glostrup, Denmark):

mastermix containing 5.0 puL TagMan Universal Mix, 0.25 pL
TagMan enzyme (Thermo Fischer Scientific, Denmark) and 3.75 pL
H,O. PCR conditions were: 1 cycle of 50°C for 2 minutes, 1 cycle
of 95°C for 10 minutes, and 45 cycles of 92°C for 20 seconds
followed by 60°C for 1 minute. Water was included as negative
control and results were analyzed by MxPro gPCR Software

(Agilent, Glostrup, Denmark).

TABLE 1 Probes used in TagMan assays

Genetic variation Location
SLC6A4_814wt
SLC6A4_814insG
SLC6A4_1193delT
SLC6A4_1193wt
SLC6A4_1324A°

SLC6A4_1324G?

Insertion of G. Chromosome 9, bp: 44242179

Deletion of T. Chromosome 9, bp: 44239810

G/A. Chromosome 9, bp: 44237789

24 | ELISA

Serum 5-HT concentration was measured with a 5-HT ELISA kit
(RE59121, IBL International GMBH, Hamburg, Germany) that was previ-
ously validated in dogs.*?>'* All samples were analyzed in duplicate, and
3 interassay controls were included on each plate. Results were calcu-
lated as the mean value of the duplicate measurements. Samples with a

coefficient of variation (CV) above 10% were reanalyzed.

25 | HPLC

Serum concentrations of 5-HT and the additional serum neurotransmit-
ters (5-HIAA, adrenaline, noradrenaline, MHGP, dopamine, DOPAC, and
HVA) were measured by HPLC using electrochemical detection. Briefly,
175 plL serum was acidified with 20 pL 1 N HCl and diluted with 530 pL
0.5 M ammonium acetate. The solution was put on a weak cation
exchange solid phase extraction column (WCX-SPE part no. 186002503;
Waters, Denmark) preconditioned with 1 mL methanol and 2 mL water.
The column was washed with 1 mL 20 mM ammonium acetate and
1 mL of methanol and the analytes were eluted with 400 pL 85% aceto-
nitrile containing 2% formic acid. The eluate was dried in a vacuum con-
centrator (Heto-Holten, Denmark) for 2 hours and resuspended in 35 pL
analysis buffer, centrifuged (1 minute at 15 000g) and finally, 20 pL was
injected onto the HPLC column. Separation and quantification was
achieved essentially as described and validated previously.2* All samples

were run in duplicate.

2.6 | Echocardiography and electrocardiography

The echocardiographic examinations (VividE95 echocardiograph with a
5Sc transducer, GE Healthcare Denmark A/S) were performed by 2 expe-
rienced operators. Images were analyzed offline (EchoPAC PC. Version
202, GE Medical systems, Brandby, Denmark) by 1 operator blinded to
the identity of dogs and clinical characteristics. Transthoracic echocardio-
graphic examination followed a standardized echocardiographic protocol
modified from Reimann et al.*® Echocardiographic measurements were
assessed as the mean of at least 3 cardiac cycles. Mitral regurgitation

(MR) severity was evaluated from left apical 4-chamber view by color

Dye Sequence Variant
FAM TGTTTTGACACCTTTCCAG Wildtype
VIC TGTTTTGACACCTCcTTCCAG Insertion
FAM CATCTTTGGCCCCTCAG Deletion
VIC ATCTTTGGCCaCCTCAG Wildtype
FAM CCCTCCAAGCtTGCAAA Substitution
VIC CCCTCCAAGCCTGCAAA Wildtype

2A typographical error in the reported amino acid alteration have been confirmed in a personal communication by Lee et al.}? The reported amino acids in

the ¢1324 location (Gly > Arg) should have been Gly > Ser.
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Doppler based on the regurgitant jet area relative to left atrial (LA) area
(gain set just below the color sparkling artifact in myocardium and the
Nyquist limit of —0.56;—0.8 m/s)3! Left atrial-to-aortic root ratio
(LA/Ao) was measured in the right parasternal short axis view at the level
of the aortic root at the first frame after closure of the aortic valve.®%33
Furthermore, the end-systolic and diastolic diameters of the left ventricle
were measured at chordae tendineae level (identified in a 2D image
before placement of the M-mode cursor) in M-mode.3* These variables
were used to calculate fractional shortening and normalized to
bodyweight.® Finally, the early E wave transmitral peak velocity was
measured at the tip of the mitral valve leaflets from left apical 4-chamber
view by pulsed-wave Doppler.%®

Severity of MMVD was classified as MMVD stages modified from
American College of Veterinary Internal Medicine consensus state-

ment guidelines as follows: stage A modified (stage Am), CKCS with

TABLE 3 Medical treatment for 71 included Cavalier King Charles
Spaniels
No. of dogs
receiving
Stages medication Medical treatment
MMVD stage Am 0 dogs
(n=19)
MMVD stage B1 5 dogs Benazepril hydrochloride
(n=22) (n = 2)?, cefadroxil
monoydrate (n = 1),
deslorelin (n = 1),
levothyroxine sodium (n = 2),
pregabalin (n = 1)
MMVD stage B2 6 dogs Estriol (n = 1), furosemide
(n=17) (n = 2), pimobendan (n = 6),
robenacoxib (n = 1)
MMVD stage C 12 dogs Benazepril hydrochloride
(n=13) (n = 3), clonazepam (n = 1),

meloxicam (n = 1), oclacitinib
(n = 1), furosemide (n = 8),
pimobendan (n = 10),
sildenafil (n = 1),
spironolactone (n = 2)

?In 1 of the dogs treatment ended 14 days before the examination.
Abbreviation: MMVD, myxomatous mitral valve disease.

no auscultatory heart murmur and no or minimal MR (MR <20%);
stage B1, CKCS with auscultatory heart murmur or MR 220% and
echocardiographic evidence of MMVD but no cardiac enlargement;
stage B2, CKCS with current or previous echocardiographic evidence
of cardiac enlargement but no current or previous clinical signs of
CHF; stage C, CKCS with CHF.3”%8 Thus, the MMVD stage Am
included dogs with mild structural disorder of the heart (MR <20%)
because such minimal MRs have been demonstrated not necessarily
to have clinical or prognostic significance for MMVD in CKCS.*° Car-
diac enlargement was defined as LA/Ao 21.6 and left ventricular end-
diastolic diameter normalized to bodyweight >1.7.3% In addition to
presence of MR, the diagnosis of MMVD was based on the presence
of mitral valve thickening, prolapse or both. The diagnosis of CHF was
based on a history of MMVD, previous or current clinical signs of CHF
(eg, cough, dyspnea, tachypnea, nocturnal restlessness, and exercise
intolerance), echocardiographic changes compatible with severe
MMVD and response to diuretic treatment. Thoracic radiographs
were not included in the examination.

2.7 | Statistical analysis

Data were analyzed by statistical software (R studio, version 1.1.383,
2009-2017 RStudio, Inc, Boston, Massachusetts) and a P-value <.05
was considered significant unless otherwise stated.

No previous data were available estimating the prevalence of the
selected SERT polymorphisms in CKCS to perform sample size calculation.
Instead, a sample size calculation was performed a priori by previously
published data comparing serum 5-HT concentration in dogs with no
MMVD (median, 657 ng/mL) and severe MMVD (median, 513 ng/mL).**
These data indicated that a sample size of minimally 17 dogs per group
was necessary to demonstrate a statistical significant difference in 5-HT
between groups with an alpha of 0.05 and power of 0.80.

Descriptive data are presented as medians and interquartiles and
overall group differences were investigated by a nonparametric
Kruskal-Wallis test because many groups did not follow a normal dis-
tribution. Wilcoxon rank sum test with Bonferroni adjustment was
used to assess differences among MMVD stages (except for LA/Ao

and LVIDDN as these variables were used to allocate dogs into

1000- ELISA 1000- HPLC
- - .
E 800 o g 800 .
(o)) ° [ L4 (2] °
c b < o .
= 600 .. s = 600 °* %
= S 2 R = ®  Se .  eee FIGURE 1 Raw data plot showing
1 4 H 1 ®ee® o o, % serum serotonin (5-HT) concentration
0 ] ° LC) e} - o [
= 400 :;.. : .!g. 00‘.0 £ 400 .:.. ::o 00 .3:. measured by ELISA (left) and HPLC (right)
3 %’ aym Soe o 3 ° : eed o in 71 included Cavalier King Charles
‘% 200+ 4 o : % 200 o0 e ° S . Spaniels allocated into stages of
myxomatous mitral valve disease modified
0 T T T T 0 T T T T from American College of Internal
Am B1 B2 C Am B1 B2 C Veterinary Medicine consensus guidelines
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MMVD stages). Categorical data were compared between groups by
Fisher's exact test (except for MR severity as this variable was used to
allocate dogs into MMVD stages).

Univariable analyses were used to investigate associations between
serum 5-HT concentration and dog characteristics/clinical variables
(MMVD severity, age, sex, platelet count in EDTA-anticoagulated blood,
and medical therapy [yes/no]).

Multivariable regression analyses were performed with ELISA and
HPLC 5-HT concentration as response variables. Explanatory variables
included the dog characteristics/clinical variables from univariable
analyses. Covariance of the explanatory variables was assessed by
visual inspection of scatter plots and calculation of the variance infla-
tion factor. Disease severity variables included MMVD stage and
LA/Ao, and because of high covariance, they were tested in separate
multivariable models. Model residuals were tested for homogeneity of
variation based on visual inspection, QQ plots, and the Shapiro-Wilk
test. Backward stepwise elimination was based on P-values.

Correlation between serum 5-HT and serum 5-HIAA concentra-
tions was evaluated by Pearson's correlation.

Intraassay and interassay CV% were calculated as (SD/mean) x
100 for ELISA 5-HT measurements.

Correlation between ELISA and HPLC serum 5-HT measurements
were tested by Spearman's rank correlation because of nonnormal dis-
tribution and visualized by Bland-Altman plot. Because the differences
between ELISA and HPLC measurements were normally distributed, a
paired t test was used to determine if the 2 methods differed signifi-
cantly. To determine if there was a concentration dependent differ-
ence, the correlation between the mean and difference of ELISA and

HPLC measurements was tested by Spearman's rank correlation.

3 | RESULTS

A total of 80 CKCS were recruited, but 9 were excluded because
serum biochemistry analysis indicated considerable systemic disease
(n = 2) or lack of sufficient blood for analyses (n = 7). The final

ELISA
1000 (Adjusted R? = .33; P < .001)
‘g' 800
2
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I
O 4004
£
=2
S 200-
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0 100 200 300 400 500

Platelet count x10° platelets/mL
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population of 71 CKCS were allocated to the following MMVD stages:
stage Am (n = 19), stage B1 (n = 22), stage B2 (n = 17) and stage C
(n = 13). Three CKCS (MMVD stage C: n = 1; MMVD stage B2:
n = 2) treated with pimobendan were classified as having cardiac
enlargement despite having LA/Ao < 1.6, LVIDDN <1.7 or both
because it had been demonstrated at previous echocardiographic
examinations before onset of cardiac therapy.*®

A summary of descriptive data for the 4 MMVD stages is given in
Table 2. No difference between stages in any of the included serum
neurotransmitters was found (Figure S1). In Table 3, the medical treat-
ment for included dogs is summarized.

All enrolled dogs were successfully genotyped for the c.814insG,
¢.1193delT, and 70 dogs (99%) for the c.1324G>A. All dogs were
homozygous for the wildtype allele in all 3 SNPs. Thus, it was not pos-
sible to statistically test the association between genotype and
MMVD stage or serum 5-HT concentration nor to include the interac-
tion between genotype and MMVD stage in the statistical analysis.
But it was concluded that MMVD stage and serum 5-HT concentra-
tion were not associated with genotype.

TABLE 4  P-values from univariable analyses evaluating the effect
of selected variables on serum serotonin (5-HT) measured with ELISA
and HPLC, respectively, in 71 Cavalier King Charles Spaniels

Response variables

Serum 5-HT, HPLC Serum 5-HT, ELISA

MMVD stage 0.78 0.82
LA/Ao 0.52 0.8
Age 0.51 0.78
Sex 0.034 0.13
PLT count <0.001 <0.001
Medical therapy 0.96 0.93

Abbreviations: MMVD, myxomatous mitral valve disease; PLT, platelet
count in EDTA-anticoagulated blood.
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FIGURE 2 Association between serum serotonin (5-HT) concentration measured by ELISA (left) and HPLC (right) and platelet count in EDTA-

anticoagulated blood in 71 Cavalier King Charles Spaniels
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5-hydroxyindoleacetic acid (5-HIAA) in 71 Cavalier King Charles Spaniels
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In Figure 1, the serum 5-HT concentration is presented for the
different MMVD stages. In univariable analyses, a positive association
was found between platelet count and serum 5-HT measured by both
HPLC and ELISA (Figure 2, Table 4). Females (399 ng/mL [326;471],
median [quartile 1;quartile 3]) had higher serum 5-HT concentration
compared to males (343 ng/mL [223;508]) but only when measured
by HPLC. Multivariable regression analysis confirmed the effect of
platelet count on serum 5-HT concentration. Disease severity (both
MMVD stage and LA/Ao), age, sex, and medical therapy did not influ-
ence serum 5-HT concentration.

Neither serum 5-HT measured by HPLC nor ELISA correlated
with serum 5-HIAA (p = .11; P = .35 and p = .11; P = .36, respec-
tively; Figure 3).

The ELISA 5-HT concentration was reanalyzed in 12 dogs because
of intraassay coefficients of variation (CV) >10% and results with the
lowest CV were used in the data analysis. After reanalysis, intraassay CV
from in-house validation was 4.1%. Interassay CV was 14.6%. Correla-
tion analyses showed that serum 5-HT concentration measured by HPLC
correlated with ELISA measurements (p = .87; P <.001) but ELISA

measurements were lower (mean difference = —22.00 ng/mL; P = .02)
indicating a constant systematic difference (Figure 4). The difference was
independent of serum 5-HT concentration (p = —.17,P = .2).

4 | DISCUSSION
The 3 selected polymorphisms in the SERT gene that have been asso-
ciated with MMVD in Maltese dogs were shown to be monomorphic
in CKCS with MMVD. Serum 5-HT was positively associated only
with platelet count and serum 5-HT concentration measured by HPLC
and ELISA correlated well, independent of serum 5-HT concentration.
Yet, ELISA values were slightly albeit significantly lower than HPLC
results indicating a systematic underestimation. No difference in the
selected serum neurotransmitters between the MMVD stages was
detected.

The etiology and pathogenesis of MMVD in dogs have not been
fully elucidated but recent research has focused on the possible influ-

ence of 5-HT. Different lines of evidence suggest an association
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between 5-HT and MMVD as reviewed by Oyama et al.2 Briefly,
these include the ability of 5-HT to activate human and dog valve
interstitial cells, increased transcription and expression of 5-HT path-
way components in affected mitral valve tissue, increased 5-HT con-
centration (valvular and circulating) in dogs with MMVD, development
of valve lesions secondary to either exogenous 5-HT, 5-HT-producing
tumors or serotonergic drugs, and finally the ability of 5-HT receptor
antagonists to block valvular interstitial cell activation and mitigate
histological changes of MMVD in experimental models.®

Previous studies indicate higher platelet and circulating 5-HT con-
centration, with high individual variation, in certain breeds such as
CKCS and Maltese dogs compared to other breeds'?'” and high
platelet and plasma 5-HT concentrations have been suggested to rep-
resent a familial trait among CKCS, which could result in the early
onset of MMVD in the CKCS.*® Circulating 5-HT concentration is
controlled by SERT, and SERT downregulation has been associated
with valvular disease. Development of valvular fibrosis was found in
SERT knockout mice*? and downregulation of SERT expression was
shown in aortic and mitral valves of rats treated with 5-HT SC for
7 days.*2 It has been hypothesized that genetic variations of SERT can
alter elimination of 5-HT and thereby affect susceptibility to valvular
disease.*®

Alterations in SERT expression and protein levels in dogs with
MMVD have also been reported.?®!? In Maltese dogs, 3 SNPs in the
SERT gene have been associated with MMVD and predicted to be
damaging to SERT protein function and structure.!® Yet, these
selected SNPs in the SERT gene were not present in any of the
included CKCS in the current study and are therefore highly unlikely
to be associated with MMVD pathophysiology or serum 5-HT con-
centration in this breed. This finding is supported by previous genomic
research in the CKCS, which has not identified associations between
the SERT gene and MMVD in CKCS.***” Neither did a subsequent
genome-wide association study in Maltese dogs.*®

Previous studies have indicated higher serum 5-HT concentration
in mild stages of MMVD in dogs compared to later stages, suggesting
a role of 5-HT in the early development of disease.**1” Yet, in accor-
dance with others, 8450 the current study found large group varia-
tion in serum 5-HT and no association between circulating 5-HT and
MMVD severity in CKCS was detected. The conflicting results might
be a result of differences in disease classification or study population
and a potential role of 5-HT in MMVD in dogs is not yet clear.

Approximately one-third of CKCS present with inherited macro-
thrombocytopenia that usually does not precipitate clinical signs of

295152 \vhich is interesting as 5-HT is stored in platelets.>®

disease,
Indeed, platelet count was the only explanatory variable that affected
serum 5-HT concentration in the current study, for which a weak to
moderate positive association was found. Similar findings were
reported in a previous study with CKCS, where CKCS with thrombo-
cytopenia, defined as platelet count <100 x 10° platelets/mL, had
lower median serum 5-HT (482 ng/mL) compared to non-
thrombocytopenic CKCS (731 ng/mL).2” In contrast, 2 previous stud-
ies found no association between serum 5-HT concentration and

platelet size and count.*?'* The disagreement between these findings

VT e
is uncertain but may be explained by different methods of quantifying
platelets, variable presence of macroplatelets or different means of
classifying dogs as having or not having thrombocytopenia. The clini-
cal significance of lower serum 5-HT concentrations in CKCS with
thrombocytopenia warrants further research.

Some previous studies have reported higher serum 5-HT concen-

1415 or found a rather

trations in female dogs compared with males
weak negative association with age.!?>” In the present study, the
same tendency was seen for female dogs. In univariable analysis, sex
influenced serum 5-HT measured by HPLC, but this effect could not
be confirmed in multivariable analysis. Thus, in accordance with

16,17 or age14-16 on

others, the present study found no effect of sex
serum 5-HT concentration.

Median serum 5-HT concentration was considerably lower
(approximately 50%) than concentrations reported in previous studies
by the same ELISA assay.'21%16-18 |y contrast, serum 5-HT concentra-
tions are comparable to those recently reported by Hoéglund et al. in a
study concerning interbreed 5-HT variation.'® It was speculated that
storage time or sample handling (samples were kept at —20°C and
had been thawed and refrozen once) might explain this difference.
However, it seems unlikely in the present study, since storage time of
serum was relatively short (<17 months), samples were kept at —80°C
and were not thawed and refrozen. Another study demonstrated that
storage time did not affect serum 5-HT concentration in samples
stored up to 2 years at —80°C.'* Analytical error does not seem likely
because both of the analytical methods (ELISA and HPLC) found simi-
lar serum 5-HT concentrations. Although ELISA results were lower
than HPLC results, the difference was rather small (—22.00 ng/mL in
average) and not nearly enough to reach similar ELISA serum 5-HT
concentrations as described by others. Serum sample preparation
involves clot formation leading to a variable degree of platelet aggre-
gation and activation, which in turn may result in large variability in
serum 5-HT measurements,®* yet sample preparation protocol was
strictly standardized and the process was not apparently different
from sample preparation in previous research. The association
between serum 5-HT and platelet count could also explain divergence
from previously reported serum 5-HT concentrations, yet, the propor-
tion of dogs with macrothrombocytopenia in the current study (30%)

1214 or what has been

was not higher than the previous studies
reported as normal for the CKCS breed??°%:>2 and platelet count was
similar to previous studies.?®"*8 Hence, the reason for the lower serum
5-HT concentration in the current study remains unclear.

In humans, serum 5-HT and urinary 5-HIAA are used in the diag-
nosis and monitoring of 5-HT producing neuroendocrine tumors.?2
Serum 5-HIAA concentration may represent a future tool for diagnos-
ing and monitoring in these patients and an association between
serum 5-HT with serum 5-HIAA has been reported in humans.’® Yet,
a recent study in dogs with MMVD did not find an association with
urinary 5-HIAA nor between urinary 5-HIAA and serum 5-HT,'®
which is in accordance with the current study.

Neurohormal activation involving various neurohormonal systems
likely play an important role in MMVD.?° Circulating concentrations

of few of these neurotransmitters have been associated with MMVD
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severity in dogs previously. Studies have reported that CHF because
of MMVD in dogs is associated with higher circulating concentrations

2325 \whereas

of noradrenaline and in some studies also adrenaline,
this association has not been found in dogs with less severe MMVD.>®
In the current study, the serum concentration of none of the included
monoamine neurotransmitters or their metabolites (5-HIAA, adrena-
line, noradrenaline, MHGP, dopamine, DOPAC, and HVA) differed
between MMVD stages including stage C. However, it is worth con-
sidering that most dogs in MMVD stage C in the present study pres-
ented with mild clinical signs and were treated with low doses of
diuretics at enrolment. Therefore, results do not necessarily reflect
dogs with more severe or uncontrolled CHF.

Several methods are available for measuring circulating 5-HT.>”
Serum 5-HT concentrations have been measured by ELISA in

dogsl2—16

while HPLC is more widely used in human studies and to
the authors' knowledge, HPLC has not been used previously to mea-
sure serum 5-HT in dogs.’” The correlation between ELISA and HPLC
measurements in the current study was good although ELISA results
were lower than HPLC. However, the difference between the
2 methods was small and not concentration dependent and likely
without clinical relevance. Therefore, ELISA measurement of serum
5-HT does seem an appropriate alternative if HPLC is not available.
The present study has limitations. Diets and supplements were
not standardized and certain food items such as banana, chocolate,
and nuts are rich in the 5-HT precursor, tryptophan, which may
increase circulating 5-HT concentration.>® Although these items are
rarely included in dog diets and all dogs were food fasted 6 to
18 hours before blood sampling to minimize the effect of food intake,
we cannot exclude variations in serum 5-HT caused by dietary intake.
Diverse medication profiles of the dogs is another limitation. Individ-
ual dogs respond differently to cardiac treatment and therefore, it was
not considered ethically justifiable to standardize cardiac medications of
dogs with MMVD. Few dogs were medicated for noncardiac conditions
and were included in the study because such a study group represent a
good reflection of the normal population of CKCS with MMVD. Yet, sev-
eral drugs have been associated with valvular disease through 5-HT
related pathways.2*3 No dogs were treated with drugs with known sero-
tonergic effect (yet 1 dog was treated with NSAID) and in regression
analyses medical therapy was not found to influence serum 5-HT con-
centration, but an effect of medical treatment cannot be excluded.
Limitations related to group size apply. According to sample size
calculations, a minimum of 17 dogs should have been included in each
group. However, only 13 dogs in stage C were included which may
have limited the power and increased the risk of type Il errors when
concluding that serum 5-HT did not differ between MMVD stages.
Dogs in the different MMVD stages were not matched with
regards to age and sex. As mentioned, previous studies have reported
diverging results regarding the influence of age and sex on serum
5-HT. In univariable analysis of the current study, a higher serum
5-HT measured with HPLC was found in females compared to males,
but in multivariable analyses, no associations were found between
serum 5-HT and age or sex, respectively, suggesting that age and sex

differences among the study groups did not influence study results.

Finally, thoracic radiographs were not included as part of the cri-
terion for diagnosing dogs as MMVD stage C which may potentially

have caused a misclassification of some dogs.

5 | CONCLUSIONS

Previously identified SERT SNPs possibly associated with MMVD
in Maltese dogs were not found in CKCS and are therefore
unlikely to be associated with MMVD pathophysiology or serum
5-HT concentration in this breed. Serum 5-HT was associated
with platelet count but not MMVD severity and did not correlate
with serum 5-HIAA. The HPLC and ELISA serum 5-HT measure-
ments indicated good correlation although ELISA slightly but sys-
tematically underestimated 5-HT concentrations compared to
HPLC. None of the included serum neurotransmitters (5-HIAA,
adrenaline, noradrenaline, MHGP, dopamine, DOPAC, and HVA)
differed between MMVD stages.
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