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Abstract Depression is a common disorder with physical
and psychological manifestations often associated with low
serotonin. Since noninvasive diagnostic tools for depression
are sparse, we evaluated the clinical utility of a novel ELISA
for the measurement of serotonin in urine from depressed
subjects and from subjects under antidepressant therapy. We
developed a competitive ELISA for direct measurement of
serotonin in derivatized urine samples. Assay performance
was evaluated and applied to clinical samples. The analytical
range of the assay was from 6.7 to 425 μg serotonin/g
creatinine (Cr). The limit of quantification was 4.7 μg/g Cr.
The average recovery for spiked urine samples was 104.4%.
Average intra-assay variation was 4.4%, and inter-assay
variation was <20%. The serotonin analysis was very specific.
No significant interferences were observed for 44 structurally
and nonstructurally related urinary substances. Very good
correlation was observed between urinary serotonin levels
measured by ELISA and liquid chromatography tandem mass
spectrometry (LC-MS/MS; ELISA=1.16×LC-MS/MS−
53.8; r=0.965; mean % bias=11%; n=18). Serotonin was
stable in acidified urine for 30 days at room temperature and
at −20 °C. The established reference range for serotonin was
54–366 μg/g Cr (n=64). Serotonin levels detected in
depressed patients (87.53±4.89 μg/g Cr; n=60) were

significantly lower (p<0.001) than in nondepressed subjects
(153.38±7.99 μg/g Cr). Urinary excretion of serotonin in
depressed individuals significantly increased after antide-
pressant treatment by 5-hydroxy-tryptophane and/or selective
serotonin re-uptake inhibitor (p<0.01). The present ELISA
provides a convenient and robust method for monitoring
urinary serotonin. It is suitable to monitor serotonin
imbalances and may be particularly helpful in evaluating
antidepressant therapies.
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Introduction

Biogenic amines are structurally related to a group of
organic compounds designated as catechols (e.g., dopa-
mine, norepinephrine, and epinephrine) and indoleamines
(e.g., serotonin) which have been researched for decades
[1–3]. Most of the antidepressants (e.g., tricyclics and
heterocyclics), monoamine oxidase inhibitors, and supple-
ments (e.g., 5-hydroxy-tryptophan (5-HTP)) given by
psychiatrists and other health care providers have one or
more of the biogenic amines as their biological target.

Biogenic amines, such as serotonin (5-hydroxytryptamine)
and norepinephrine, are critical molecules in pathways that
function in mood and depressive expression [4, 5]. As such, a
well-maintained metabolic pathway of serotonin is a prereq-
uisite for proper functioning of the nervous system. Clinical
observations of individuals with lesions or improper seroto-
nin synthesis, have given rise to seminal findings of the
brain–behavior influence of serotonin [6, 7]. A commonality
in seemingly disparate conditions such as depression, anxiety
and violent behavior, is the manifestation of brain serotonin
deficiencies [8–10]. On the contrary, elevated levels of

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-011-5583-1) contains supplementary material,
which is available to authorized users.

M. I. Nichkova (*) :H. Huisman : P. M. Wynveen
Department of Research and Development, Pharmasan Labs, Inc.,
373 280th Street,
Osceola, WI 54020, USA
e-mail: mikaela.nichkova@pharmasan.com

D. T. Marc :K. L. Olson :G. H. Kellermann
NeuroScience Inc.,
373 280th Street,
Osceola, WI 54020, USA

Anal Bioanal Chem
DOI 10.1007/s00216-011-5583-1

http://dx.doi.org/10.1007/s00216-011-5583-1


serotonin in circulation of individuals with autism are one of
the well-replicated findings in biological psychiatry [11, 12].
Thus, the influence serotonin has on brain–behavioral relation-
ships in humans needs further investigation, aimed at
optimizing approaches to improve health after treatment with
nonpharmaceuticals and/or psychopharmaceuticals [5, 13–15].

The measurements of serotonin levels have a significant
potential as a clinical tool and should logically be performed
within neurons or in the extracellular space. The measurement
of serotonin in cerebrospinal fluid (CSF) could provide, at
best, the indication of the average serotonin concentration in
all brain regions at one time point. The extreme low
concentrations of serotonin in CSF make it unlikely that
CSF serotonin will be of clinical utility in assessing central
serotonergic function [16, 17]. For obvious reasons, CSF
serotonin does not allow large scale screening and sampling
at different time points. Urinary and plasma measurements of
serotonin using liquid chromatography in combination with
mass spectrometry, electrochemical or fluorometric detection
[18, 19] have been used in medicine as a screening test for
specific physiological conditions such as carcinoid tumors
and liver cell regeneration [3, 20]. Other assays for serotonin
include radioimmunoassay and ELISA which use chemical
modifications of serotonin prior to analysis [21, 22]. Under
normal conditions, urinary serotonin mainly reflects release
from enterochromaffin cells in the gut, but also from the
synthesis in the kidney, release from platelets and may
include some release of the brain [1]. In neurological
diseases where urinary, plasma and/or platelet serotonin is
elevated, as in autism [10–12] and during selective serotonin
re-uptake inhibitor (SSRI) intake (Ref. [15] and this paper),
or is decreased in subjects with depression (this paper), the
etiology of the serotonin imbalance is unknown.

We describe here the evaluation of an ELISA suitable for
determination of urinary serotonin as a routine clinical
assay. The test is useful in monitoring serotonin levels and
for assessing the effectiveness of antidepressant treatment.

Materials and methods

Reagents

Unless otherwise stated, all reagents were of analytical grade
and purchased from Sigma Chemicals (St. Louis, MO).

Polyclonal antibodies

Rabbit polyclonal serum was raised against serotonin conju-
gated with glutaric aldehyde to thyroglobuline as described in
[23]. Specific polyclonal antibodies were isolated by serum
depletion against carrier protein. The specificity of the
serotonin antibody was evaluated in a standard ELISA to

determine cross-reactivity at 50% displacement of structur-
ally related compounds, precursors and/or metabolites of
serotonin, such as 5-hydroxyindoleacetic acid, 5-HTP, 5-
hydroxytryptophol, 5-methoxytryptamine, melatonin, N-ace-
tylserotonin (N-Ac-5HT), tryptamine, and tryptophan. All
tested compounds have cross-reactivity lower than 1.5%,
except for N-Ac-5HT (8.4%).

Urine samples and study populations

Second void morning urine samples (spot samples) were
collected in 5-mL tubes containing a filter disc impregnated
with 250 μL of 3 N HCl as preservative. Samples were
stored at −20 °C until analysis. To evaluate the reference
range second void urine samples were obtained from 64
apparently healthy volunteers as determined by the results
of the Hopkins Symptoms Checklist-90 (HSCL-90) [24–
26]. Depressed subjects used in these clinical studies had
depression as indicated by their medical history and/or
International Classification of Diseases and Related Health
Problems (ICD-9 codes) provided by their medical doctor
(296.20–296.25, 296.30–296.35, 296.50–296.55, 300.4x,
309.0x, 309.28, and 311.xx). All subjects included in the
clinical studies had no cancer as indicated by their medical
history and/or ICD-9 codes. All individuals gave their
informed consent. The studies were performed following a
protocol set up by the internal clinical ethics committee.

Derivatization of standards, controls, and samples

Stock solutions for serotonin standards and controls were
prepared in 150 mmol/L HCl. Urinary creatinine (Cr/100 dL)
was determined by Urinary Creatinine Jaffe 2 Method on
Roche Integra 400/880. To normalize for differences in urine
excretion volumes, a volume of urine (40–300 μL) equivalent
to 120μg Cr was used in the test. Standards (120μL), controls
(120 μL), and samples were diluted up to 300 μL with
150 mmol/L HCl and neutralized with 60 μL of 1 mol/L
NaHCO3 containing 0.3% BSA and 0.1%Tween 20. In situ
conjugation was performed with 120 μL of 267 mmol/L
glutaric aldehyde. After 1-h incubation at 20 °C in the dark,
the reaction was stopped with 120 μL Tris-quenching buffer
(666 mmol/L Tris–HCl, pH 7.5; 344 mmol/L NaCl; 0.25%
Tween 20; 0.5% BSA; 0.02% sodium azide). The derivatized
standards and samples were incubated for 30 min at 20 °C in
the dark and then applied to the ELISA.

Competitive ELISA

Similar procedures have been described for other biogenic
amines [23, 27]. Briefly, microtiter plates were coated with
BSA-serotonin in 50 mmol/L sodium carbonate-bicarbonate
buffer pH 9.6. Derivatized serotonin standards, controls, and
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samples (75 μL/well) were added to the coated plates
followed by the serotonin-specific antibody (75 μL/well).
After overnight incubation (32 °C, under shaking), a solution
of secondary antibody (goat anti-rabbit IgG-alkaline phos-
phatase, 150 μL/well) was added and incubated for 60 min
(20 °C, shaking). Finally, 150 μL/well of substrate was added
and the absorbance was read at 405 nm on a Spectramax
microplate reader (Molecular Devices Corp., Sunnyvale, CA).
The competitive curves were analyzed with a four-parameter
logistic equation using SoftmaxPro v5.4 (Molecular Devices
Sunnyvale, CA). The concentration was calculated from the
standard curve and expressed as micrograms serotonin per
gram Cr.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
5 (GraphPad Software Inc, San Diego, CA) and R
Foundation for Statistical Computing, v2.11.0 (R Develop-
ment Core Team, Vienna, Austria). Deming regression
analysis and Bland–Altman approach were used to assess
the correlation between ELISA and LC-MS/MS measure-
ments. Linear regression and Pearson correlation coeffi-
cients were used for sample stability studies and
comparison of serotonin levels in 24-h and spot urine.
Parametric reference interval (95th percentile) was
determined according to the recommendations of Clin-
ical and Laboratory Standards Institute (CLSI), Interna-
tional Federation of Clinical Chemistry, and the
International Union of Pure and Applied Chemistry
(IUPAC) [28, 29]. The differences between serotonin
levels in depressed and nondepressed individuals were
examined using two-sample t test. A two-way ANOVA
was used to compare baseline and retest serotonin levels
within and between groups of depressed subjects under
antidepressant therapy. p values of <0.05 were considered
statistically significant.

Results

Linearity and detection limit

Assay linearity was investigated as suggested in CLSI
Protocol EP6 [30]. A series of samples of known concen-
trations (assigned values) were created by sequential
mixing of low and high concentration pools of urine.
Linearity at specific concentrations were considered
acceptable if the % difference between the predicted
1st- (linear) and 2nd- order regressed values (deviation%)
was less than ±15% (see Fig. 1; Table S1 in the
Electronic supplementary materials (ESM)). The analyti-
cal measurement range of the assay was determined to be

from 6.7 to 425 μg/g Cr. Urine samples with highly
elevated serotonin levels (>425 μg/g Cr) were measured
accurately at dilutions up to 1:16 (for dilutional linearity
see Table S2 in the ESM). Based on a 2 SD evaluation of
the zero calibrator, the limit of detection of the ELISA
(95% confidence) was determined to be 0.92 μg/g Cr. The
lower limit of quantification (lowest concentration for
which the 95% confidence interval (CI) of the CV% is less
than 20%) was 4.7 μg/g Cr.

Imprecision

To assess reproducibility of the serotonin ELISA two urine
samples (low and high level) and two in-house controls
were analyzed in duplicate on a single plate over 18 days.
Intra-assay variation (CV%) within plate was <10% with an
average intra-assay variation for samples and controls of
4.4%. The inter-assay variation (n=18) was less than 20%
(see Table S3 in the ESM).

Analytical recovery

The analytical recovery (accuracy) was determined by
adding serotonin to urine samples with low endogenous
amounts of serotonin. The test sample concentrations
were between 6.7 and 8864.2 μg/g Cr. Each sample was
analyzed (spiked and nonspiked) in duplicate and the
percent recovery was calculated. The amount of seroto-
nin recovered ranged from 84.7 to 122.3%, and the
average recovery was 104.4% (see Table S4 in the
ESM).
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Fig. 1 Linearity (analytical measurement range). A series of urine
samples with known concentrations of serotonin (assigned value) was
created by sequential mixing of pools of urine with low and high
concentration of serotonin. The predicted 1st- and 2nd-order regressed
values (deviation %) were ±15%. The linear (analytical measurement)
range was from 6.7 to 425 μg/g Cr. Insert, representative serotonin
ELISA standard curve
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Analytical specificity and interferences

Interference studies were conducted according to CLSI
Protocol EP7-A2 [31]. Clinically high concentrations of 44
potentially interfering substances (general urinary compo-
nents, structurally similar urinary components, drugs and
supplements) were spiked in urine samples with known
levels of serotonin (60 and 383 μg/g Cr) and assayed along
with nonspiked urine samples. The substances presented in
Table 1 were found not to interfere at the concentrations
indicated (<15% bias; upper 95% CI).

Comparison of ELISA with LC-MS/MS

The serotonin ELISA analysis of 18 urine samples was
compared with LC-MS/MS performed by Mayo Medical
Laboratories (Rochester, MN). Samples included in the
study contained serotonin at concentrations ranging from
within the reference interval to significantly increased.

The results of the Deming regression analysis are shown
in Fig. 2a (slope is 1.16; intercept is −53.8; r=0.965; N=
18). Although the serotonin concentrations obtained by
the immunoassay showed a tendency to be slightly higher
than those obtained by LC-MS/MS (slope is 1.16), both
methods can be considered statistically identical. Bland–
Altman percent difference plot showed no concentration-
dependant percent bias between both methods (see
Fig. 2b).

Stability of serotonin in urine

Freshly collected urine samples were aliquoted and stored at
various temperatures (20, 4, and at −20 °C). The concentration
of serotonin was measured in triplicate on the day of collection
and at various times thereafter, ranging from 2 days to
1 month. Serotonin was stable in all urine samples for at least
30 days if stored at 20, 4, or −20 °C (see Fig. S1 in the ESM).
The drift acceptance criterion was ±15%.

Table 1 Analytical specificity and interferences

Substance Concentration Substance Concentration

Major urinary components

Ammonium chloride 10 mmol/L Magnesium sulfate 15 mmol/L

Barbiturate 110 μmol/L Oxalic acid 14 mmol/L

Bilirubin 260 μmol/L Protein 600 mg/L

Calcium chloride 50 mmol/L Sodium chloride 750 mmol/L

Creatinine 5 mmol/L Sodium phosphate 100 mmol/L

Glucose 200 mmol/L Urea 600 mmol/L

Hippuric acid 4 mmol/L Urobilinogen 20 mmol/L

Structurally similar and other urinary components

n-Acetylserotonin 575 nmol/L 3-Methoxytyramine 800 nmol/L

Alanine 600 μmol/L Norepinephrine 120 nmol/L

3,4-Dihydroxyphenylglycol 180 nmol/L Normetanephrine 7 μmol/L

3,4-Dihydroxyphenylacetic acid 3 μmol/L β-Phenylethylamine 32 nmol/L

Dopamine 720 nmol/L 6-Sulfatoxymelatonin 100 nmol/L

Epinephrine 90 nmol/L Tryptamine 375 nmol/L

Homovanillic acid 120 μmol/L Tyramine 2.5 μmol/L

5-Hydroxyindoleacetic acid 44 μmol/L Vanillylmandelic acid 60 μmol/L

Metanephrine 3 μmol/L

Drugs/supplementsa

Acetominophen 480 mg/L Isoprenaline 90 μg/L

Acetylsalicylic acid 6 g/L Phenylalanine 11 mg/L

Ascorbic acid 800 mg/L Phenylephrine 18 mg/L

Caffeine 2.8 mg/L Salicylic acid 6 g/L

5-Hydroxytryptophan 15 mg/L Theophylline 6 mg/L

Histidine 1.6 g/L Tryptophan 90 mg/L

Isoetharine 3.6 mg/L L-Tyrosine 4.8 g/L

aMaximum urinary levels in subjects under maximum-dose therapy
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Reference interval

Urinary serotonin levels were assessed in 64 apparently
healthy individuals. Their age range was 18–63 years with
43 females and 21 males. The parametric reference interval
(95th percentile) [28, 29] was determined to be from 54 to
366 μg serotonin/g Cr.

Comparison of serotonin levels in 24-h urine and spot urine

We conducted a preliminary pre-clinical study to investigate
the correlation between urinary serotonin levels in 24-h urine
and spot urine collection (n=24). None of the participants
(age 22–52 years) were using medications that could affect
serotonin levels. The results of this study show a good
correlation between spot urine collection and 24-h urine
collection (see Fig. 3; p<0.01; r=0.91; n=24).

Urinary serotonin as a potential biomarker of depression

In this retrospective study, serotonin was measured in urine
samples collected from two population groups: depressed
(n=60; 18 males and 42 females; age range, 18–65 years)
and nondepressed subjects (n=60; 20 males and 40
females; age range, 18–61 years). The depressed group
was identified based on self-reported depression symptoms
and ICD-9 codes as established by a medical doctor (296–
311). The nondepressed subjects were healthy according to
the results of the HSCL-90. The individuals included in this
study were not taking any medication or supplements for at
least one month prior to urine collection. Based on two-
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LC-MS/MS (n=18). (A) Deming regression analysis: slope is 1.156
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Fig. 4 Urinary serotonin levels (average±SEM) in depressed (n=60;
18 males and 42 females; age range, 18–65 years) and nondepressed
subjects (n=60; 20 males and 40 females; age range, 18–61 years).
Depressed group has significantly lower serotonin (87.53±4.89 μg/g
Cr) than nondepressed group (153.38±7.99 μg/g Cr); two sample t
test: p<0.001; t=−7.03; df=97.74; 95% CI=−84.72 to −47.27
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sample t test (p<0.001; see Fig. 4), we found that the
serotonin levels in urine from depressed subjects were
significantly lower (87.53±4.89 μg/g Cr) than those in
nondepressed subjects (153.38±7.99 μg/g Cr).

Urinary serotonin in patients under antidepressant therapy

The urinary serotonin levels were determined for four
groups of depressed patients: (1) depressed patients using 5-
HTP (n=18; ten males and eight females; age 20–81 years);
(2) depressed patients using a SSRI (n=15; 4 males and 11
females; age range, 29–73 years); (3) depressed patients
using a combination of a SSRI and 5-HTP (n=13; four
male and nine females; age range, 20–73 years); and (4)
depressed patients not using any treatment (n=14; 3
males and 11 females; age range, 20–73 years). For each
group, urinary serotonin was tested as baseline and a retest.
The retests were performed anywhere from 1 to 11 months
after the baseline test, when subjects were still under
treatment. We should note that the baseline tests were
performed on subjects that were naïve to serotonin altering
medications/supplements. The two-way ANOVA analysis
demonstrated that the retested levels of serotonin in patients
under antidepressant treatment were significantly higher than
their corresponding baseline values (p value of <0.01, see
Fig. 5). In addition, there were no significant differences in
the retest serotonin levels between the three treatment
groups. Finally, the urinary serotonin levels observed in
depressed naïve subjects (Fig. 5) were lower in comparison

to those found for depressed subjects with a history of
medication use (Fig. 5).

Discussion

In this study, we reported the validation of a competitive
ELISA for quantitative determination of urinary serotonin.
The assay is characterized by low limits of quantification,
excellent precision and analytical recovery. There was a good
correlation (R=0.965) between urinary serotonin concentra-
tions determined by the ELISA and by LC-MS/MS over the
entire concentration range. The data indicated that the bias
between the methods was not significant (mean percent bias
is 11%). The differences between both methods could be
attributed to variations in sample processing and calibration.

The analytical measurement range of the assay allows the
direct measurement of serotonin in urine samples of the
general population and in patients under antidepressant
treatment where higher serotonin levels were observed. As
described earlier (see “Materials and methods”), the serotonin
ELISA is based on the use of a highly specific antibody (the
highest crossreactivity observed for N-Ac-5HT (8.4%) is
negligible). The analytical procedure including sample
neutralization and glutaric aldehyde derivatizaion showed
no significant interference by 44 structurally and non-
structurally related urinary compounds. This allows for direct
urinary analysis without any time-consuming and complicat-
ed sample purification as required by chromatographic
methods. This greatly facilitates the routine monitoring of
urinary serotonin in clinical practice.

The biological variability of urine specimen collection is
a well recognized aspect in clinical diagnostics. For small
studies, 24-h urine sample collection is preferred as it might
provide a better average of serotonin secretion over a longer
period of time. Compliance with this approach is however
poor and often not clinically practical [32]. The results of
the present comparative study between serotonin levels in
24-h urine collection and spot urine showed a good
correlation (p<0.01; r=0.91; n=24). In addition, dividing
the serotonin concentration by urinary Cr removes the factor
of volume from the results of either spot or 24-h collection
and is the most common method of correcting differences in
hydration and/or intake of excessive fluids [33].

To evaluate whether the present ELISA method is useful
for detecting variations in serotonin levels under patholog-
ical conditions, we compared the serotonin concentrations
in urine samples of depressed individuals (n=60) to age and
gender-matched apparently healthy controls (n=60). The
results indicated that depressed subjects had significantly
lower serotonin levels compared to nondepressed subjects
(p<0.001). The etiology of the low (mainly peripheral)
serotonin level in depressed subjects is unclear and whether
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Fig. 5 Monitoring urinary serotonin in depressed patients under
antidepressant therapy. Urinary serotonin levels at baseline and retest
were determined in four study groups: (1) 5-HTP (n=18); (2) SSRI
(n=15); (3) a combination of SSRI and 5-HTP (n=13); and (4) a
control group without treatment (n=14). Subjects under antidepres-
sant therapy had significantly higher serotonin compared with the
untreated group (p<0.01; a two-way ANOVA)
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this reflects metabolic imbalance in serotonergic brain
regions needs to be further elucidated. We demonstrated
here for first time that low urinary serotonin levels can be
related to depression. Reduced serotonin levels in platelets
of depressed patients have been described before, but again,
it was not clear whether the low serotonin was directly
correlated to the development of depression and it reflects
serotonin levels in the brain [34].

We have assessed the clinical utility of the serotonin
immunoassay to monitor depressed patients under
serotonin support treatment. The effect of the intake of
5-HTP, the rate-limiting precursor of serotonin, SSRI
and a combination of both on urinary serotonin levels
was investigated in three groups of depressed subjects.
Urinary serotonin was elevated in all groups on
antidepressant treatment but not in the untreated group.
It has been reported that depressed subjects under SSRI
treatment had significantly higher serotonin levels than
nontreated depressed subjects [15], but until now the
effect of SSRIs on serotonin clearance has been specula-
tion [35]. In addition, it is accepted that the majority of 5-
HTP administration is metabolized to serotonin in the
kidney [36]. This might explain in part the significant
increase of serotonin upon treatment. In this paper, we left
the questions unanswered if treatment with 5-HTP, which can
infiltrate the blood–brain barrier, actually restores an imbal-
ance of serotonin in the brain.

In summary, the immunoassay procedure described in
this work is relatively simple and requires only low-cost
instrumentation (microtiter plate washer and reader) gener-
ally available in a clinical laboratory. In addition, the
serotonin ELISA has the potential for higher throughput
than LC assays. Therefore, the present immunoassay for
serotonin can be considered an acceptable alternative for
chromatographic methods. Furthermore, using this novel
ELISA, we were able to establish that low urinary serotonin
is indicative in people with depression. Finally, the ELISA
can be successfully applied to monitor serotonin levels in
patients under antidepressant treatment.
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