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Abstract

Dopamine (DA) and serotonin (SRT) are monoamine neurotransmitters that play a key role in 

regulating the central and peripheral nervous system. Their impaired metabolism has been 

implicated in several neurological disorders, such as Parkinson’s disease and depression. 

Consequently, it is imperative to monitor changes in levels of these low-abundant 

neurotransmitters and their role in mediating disease. For the first time, a rapid, specific and 

sensitive isotope-dilution liquid chromatography-tandem mass spectrometry (LC-MS/MS) method 

was developed and validated for the quantification of DA and SRT in the nematode 

Caenorhabditis elegans (C. elegans). This model organism offers a unique approach for studying 

the effect of various drugs and environmental conditions on neurotransmitter levels, given by the 

conserved DA and SRT biology, including synaptic release, trafficking and formation. We 

introduce a novel sample preparation protocol incorporating the usage of sodium thiosulfate in 

perchloric acid as extraction medium that assures high recovery of the relatively unstable 

neurotransmitters monitored. Moreover, the use of both deuterated internal standards and the 

multiple reaction monitoring (MRM) technique allows for unequivocal quantification. Thereby, to 
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the best of our knowledge, we achieve a detection sensitivity that clearly exceeds those of 

published DA and SRT quantification methods in various matrices. We are the first to show that 

exposure of C. elegans to the monoamine oxidase B (MAO-B) inhibitor selegiline or the catechol-

O-methyltransferase (COMT) inhibitor tolcapone, in order to block DA and SRT degradation, 

resulted in accumulation of the respective neurotransmitter. Assessment of a behavioral output of 

the dopaminergic system (basal slowing response) corroborated the analytical LC-MS/MS data. 

Thus, utilization of the C. elegans model system in conjunction with our analytical method is well-

suited to investigate drug-mediated modulation of the DA and SRT system in order to identify 

compounds with neuroprotective or regenerative properties.
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Introduction

Dopamine (DA) and serotonin (SRT) are monoamine neurotransmitters that play key roles 

in many aspects of mammalian nervous system function. The most studied functions of DA 

in the nervous system include cognition, motor function, brain-stimulation reward 

mechanisms, eating and drinking behaviors, sexual behavior, neuroendocrine regulation and 

selective attention [1, 2]. Alterations in DA neurotransmission result in major neurological 

and psychiatric disorders. The most recognized DA-related disorder is Parkinson’s disease, 

which originates from selective dopaminergic (DAergic) cell loss in the substantia nigra pars 

compacta [3]. Other disorders arising from abnormal DA function include addiction, 

schizophrenia, bipolar disorder, Huntington’s disease, attention deficit hyperactivity disorder 

and Tourette’s syndrome [2]. SRT is probably best known for its role in conveying a sense 

of contentedness and happiness and is implicated in practically every type of behavior, such 

as appetitive, emotional, motor, cognitive and autonomic functions [4, 5]. Alterations in the 

serotonergic (SRTergic) system play a part in many disorders, including depression, 

schizophrenia, migraines, anxiety and dementia [5–7].

Consequently, monitoring changes in the basal levels of DA and SRT are undoubtedly 

useful in modern neuroscience, with drug discovery research attempting to identify 

pathophysiological changes associated with these disorders. However, accurate detection of 
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DA and SRT levels remains an analytical and technical challenge due to their low basal 

levels. Therefore, despite a variety of existing chromatographic methods coupled with 

fluorescence [8–11] or electrochemical detection [12, 13], mass spectrometry based 

techniques remain the method of choice. More specifically, liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) methods represent a highly sensitive and selective tool for 

analysis and allow an unequivocal identification of the respective neurotransmitter by 

specific fragmentation patterns. In particular, use of the multiple reaction monitoring 

(MRM) mode, in combination with the usage of stable-isotopic labelled analogues of the 

respective analytes as internal standards, has become the gold standard for unambiguous 

quantification of not only neurotransmitters, but also various types of biomarkers in 

biological samples [14]. During the last 15 years, several publications have relied on the 

mass spectrometric analysis of neurotransmitter in brain tissues; LC-MS/MS methods have 

been developed to quantify DA in brain microdialysates [15–17], as well as in brain tissue 

following cleanup [13, 18]. These methods require a pretreatment step, with both recovery 

parameters and lower substance stability are partly unsatisfactory. However, Najmanova et 

al. published a rapid and precise LC-MS/MS method without cleanup for parallel 

identification of DA and SRT in brain tissue [19]. But, a LC-MS/MS method for 

quantification of DA and SRT in Caenorhabditis elegans (C. elegans), a common model 

organism in analytical neurochemistry, is still missing.

The simplicity and several key features of the small nematode C. elegans make it an 

appealing model organism for biomedical research. Advantages include its rapid life cycle, 

short life cycle and large brood size. Additionally, C. elegans is less complex than the 

mammalian system, while still showing high genetic homology. 60–80% of human disease 

genes have a corresponding C. elegans homolog and the detailed knowledge of the genomic 

architecture makes it easy to perform genetic manipulation [20]. A simple, but complete 

nervous system, in addition to the existence of DA-deficient mutants, both make C. elegans 

an attractive organism to study neuromodulation at the behavioral, cellular and molecular 

levels. In the hermaphrodite, the nervous system is comprised of 302 neurons and ~5,000 

synapses [21] that uses an array of neurotransmitters, receptors and downstream signaling 

mechanisms that are similar to those in the mammalian brain [22]. C. elegans 

hermaphrodites have eight DAergic neurons; two pairs of cephalic (CEP) neurons, a pair of 

anterior deirid (ADE) neurons and a pair of postdeirid (PDE) neurons. They also contain all 

necessary genetic information encoding for DA biosynthesis, packaging and reuptake [23, 

24] to control several behaviors, including habituation to mechanical stimuli [25], foraging 

[26], transitions between crawling and swimming behavior [27] and olfactory adaptation 

[28]. Mutants defective in DA signaling, such as cat-2 (tyrosine hydroxylase, TH) mutants 

or mutants lacking the D2-like receptor DOP-3, exhibit locomotor hyperactivity compared 

to wild-type (WT) animals on a bacterial lawn, indicating that DA plays a role in slowing to 

response to food stimuli [29]. In addition to DAergic neurons, the integrity of the SRTergic 

system can also be assessed by observing food-dependent modulation of feeding and 

locomotion [30, 31]. The conserved DA and SRT biology that shows high homology with 

mammalian systems makes C. elegans a unique system for studying the effect of various 

drugs and environmental conditions on the respective basal levels.
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Within this study, a rapid, specific and sensitive isotope-dilution LC-MS/MS method for the 

simultaneous determination of DA and SRT in the genetically tractable, invertebrate C. 

elegans model system was developed and validated. A new extraction protocol assured high 

recoveries of both neurotransmitter characterized by certain instability. The usage of both 

deuterated internal standards and the selective and highly sensitive MRM technique allow 

for unequivocal identification of the analytes, with a detection sensitivity exceeding that of 

fluorescence and electrochemical quantification methods previously used for 

neurotransmitter monitoring in C. elegans. Moreover, we have applied our method to WT 

worms that were incubated with the monoamine oxidase B (MAO-B) inhibitor selegiline or 

the catechol-O-methyltransferase (COMT) inhibitor tolcapone.

Experimental Section

C. elegans strains and handling

C. elegans strains were handled and maintained at 20 °C as previously described [32]. 

Worms were grown on plates containing nematode growth medium (NGM) or 8P seeded 

with either Escherichia coli strain OP50 or NA22, respectively. The following strains were 

used in this study: WT N2 Bristol strain and CB1112 (cat-2(e1112)). All strains were 

provided by the Caenorhabditis Genetic Center (CGC; University of Minnesota).

Preparation of standard solutions

DA hydrochloride (Sigma-Aldrich, Taufkirchen, Germany) and DA-d4 hydrochloride (CDN 

Isotopes, Pointe-Claire, Canada) stock solutions were prepared in 0.2 M perchloric acid 

(PCA) (Sigma-Aldrich). SRT hydrochloride (Sigma-Aldrich) and SRT-d4 creatinine sulfate 

complex (CDN Isotopes) were dissolved in bidestilled water. The deuterated analogues of 

the respective neurotransmitter were taken as internal standards.

Treatment and extraction of DA and SRT from worm homogenates

Selegiline hydrochloride (Sigma-Aldrich) stock solutions were prepared in bidestilled water, 

whereas tolcapone (Sigma-Aldrich) stock solutions were prepared in dimethyl sulfoxide 

(DMSO). To prevent oxidation, fresh stock solutions were prepared shortly before each 

experiment. 40,000 synchronized L1 worms per tube were exposed to selegiline or 

tolcapone (50, 100, 250, 500 μM, respectively) in siliconized tubes for 3 h (selegiline 

treatment) or 4 h (tolcapone treatment) in M9 buffer. Worms were then pelleted by 

centrifugation at 4,000 rpm for 3 minutes and washed three times in M9 buffer. Afterwards, 

the worm pellet was re-suspended on ice in 100 μL extraction buffer (0.002 M sodium 

thiosulfate in 0.2 M PCA (both Sigma-Aldrich)) containing 25 nM DA-d4 and 25 nM SRT-

d4, and were then temporarily frozen in liquid nitrogen. Finally, the extracts were 

homogenized by sonication and centrifugation, with an aliquot reserved for protein 

quantification using the bicinchoninic acid (BCA) assay-kit (Thermo Scientific, Schwerte, 

Germany). The remainder was subjected to LC-MS/MS analysis.

LC and ESI-MS/MS parameters

All analyses were conducted with an Agilent 1260 Infinity LC system coupled to an Agilent 

6490 triple quadrupole-mass spectrometer (both from Waldbronn, Germany) interfaced with 
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an electrospray ion source operating in the positive ion mode (ESI+). Analyte separation 

was carried out using an YMC-Triart PFP column (3 μm, 3 × 150 mm) guarded with a pre-

column (3 μm, 3 × 10 mm) of the same material. Water and methanol (VWR, Darmstadt, 

Germany), both acidified with 10 mM formic acid, were used as eluents. Samples of 5 μL 

were injected into a mobile phase consisting of 100% water. Analytes were eluted from the 

column, which was tempered at 25 °C, with a 20-min linear gradient to 86:14 (v/v) water/

methanol at a flow rate of 0.425 mL min−1. The total run time for one analysis was 24 min, 

including re-equilibration of the HPLC system. The following ion source parameters were 

determined after repeated injection of a DA standard solution using the Source Optimizer 

tool of the Agilent MassHunter Workstation Software (Version B.06.00): drying gas 

temperature = 80 °C, drying gas flow = 17 L min−1 of nitrogen, sheath gas temperature = 

350 °C, sheath gas flow = 11 L min−1 of nitrogen, nebulizer pressure = 40 psi, capillary 

voltage = 2500 V, nozzle voltage = 0 V. The optimized ion funnel parameters were: high 

pressure RF voltage = 90 V and low pressure RF voltage = 60 V. Three mass transitions 

each were used for MRM analysis of DA and DA-d4, whereas two mass transitions each 

were applied for the analysis of SRT and SRT-d4. The optimized collision energies for each 

MRM transition, which were determined using the Optimizer tool of the MassHunter 

Software, are given in Table 1. DA and SRT co-eluted from the separation column with their 

deuterated analogues at 6.1 min and 16.2 min, respectively. Consequently, the LC-MS/MS 

run was subdivided in five time segments. In segments 1 (0–4 min), 3 (8–14 min) and 5 (18–

24 min) the LC eluate was diverted to waste. In segments 2 (4–8 min) and 4 (14–18 min) the 

LC efflux was sprayed into the ion source. Segments 2 and 4 consisted of six (DA and DA-

d4) and four (SRT and SRT-d4) MRM transitions, respectively. The dwell time for both 

segments was 100 ms.

Quantification of analytes and method validation

All quantitative results in worm treatment and method validation experiments were obtained 

using the isotope-dilution approach. The quantifier mass transitions of DA (m/z 154.1 > 

137.0) and SRT (m/z 177.1 > 160.0) were used for quantification in relation to the quantifier 

mass transitions of their deuterated internal standards (m/z 158.1 > 141.0 for DA-d4 and m/z 

181.1 > 164.1 for SRT-d4). The following method validation parameters were determined: 

linearity of detection, limit of detection (LOD), limit of quantification (LOQ), recovery, 

intra- and interday variation. All accordant experiments were conducted using matrix-

matched samples. While the linear detection range, LOD and LOQ were determined using 

mutant cat-2 worms (deficient for DA biosynthesis [31]) of a larger pool (40,000 worms per 

sample), an equal number of individually handled WT N2 animals served as matrix for 

determination of recovery, intra- and interday variation. All worm extracts used for LC-

MS/MS method validation were prepared as described in a previous section. cat-2 worms 

were spiked with varying amounts of DA and SRT (final: 0, 1, 5, 10, 50, 100 and 500 nM of 

both compounds) as well as constant amounts of DA-d4 and SRT-d4. Following LC-MS/MS 

analysis, peak areas of DA and SRT were normalized to those of their accordant deuterated 

analogues and plotted against the applied concentrations. Hereby, the actual amounts of DA 

and SRT in blank cat-2 matrix (only deuterated standards were added) were quantified. 

They amounted to 0.3 nM and 3.8 nM for DA and SRT, respectively. Spiked standard 

amounts were added to these values. Subsequently, calibration curves were subjected to 
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linear regression analysis. The same set of samples was used to assess LOD and LOQ. 

Hereby, the signal-to-noise (S/N) ratios of the respective neurotransmitter peaks were 

plotted against the applied analyte concentrations. LOD and LOQ were defined as analyte 

amounts that produce signals with S/N ratios of 3 and 10, respectively. S/N ratios were 

calculated using the Agilent MassHunter Workstation Software Qualitative Analysis 

(Version B.06.00). The following calculation parameters were set: signal definition: height; 

noise definition: root-mean-square; length of noise region: 0.6 min for DA and 1.2 min for 

SRT (adapted to the respective peak widths). The recoveries were calculated by comparison 

of the DA-d4 and SRT-d4 peak areas in ten separate extracts of N2 worm homogenates with 

those in ten separately prepared stock solutions of the same concentration. Intraday variation 

was determined by quantification of DA and SRT in ten separate extracts of N2 worm 

homogenates that were prepared and analyzed on the same day. Quantified amounts of DA 

and SRT in five separate N2 worm samples that were pelleted, homogenized and extracted 

on different occasions were used to assess the interday variation. DA and SRT 

concentrations were normalized to the protein content of the individual worm extracts when 

intra- and interday variations were determined.

Basal slowing response

Assessment of DA-mediated behavior was performed using the basal slowing response 

assay, as previously described [31]. Briefly, worms were placed on bacteria-seeded plates 

following selegiline or tolcapone treatment as described above. Forty-eight hours post 

exposure, worms were washed off the plates with S basal buffer and ~ 10 worms were 

transferred to either unseeded or seeded 60 mm NGM plates. The seeded plates were 

prepared by spreading bacteria in a ring (inner diameter of ~ 1 cm and an outer diameter of ~ 

3.5 cm) in the center of the plate. After a five-minute acclimation period, the locomotion 

rate was assessed as the number of body-bends per 20 s, and data are presented as the 

change in body bends (body bends on food – body bends off food); analysis was carried out 

after coding of plates. Worms deficient in cat-2 were used as positive control since they are 

TH-deficient [33].

Statistics

Dose-response curves and all histograms were generated using GraphPad Prism (GraphPad 

Software Inc.). Two-way ANOVAs were performed on the DA and SRT data and the basal 

slowing data, followed by Bonferroni’s multiple comparison post-hoc tests.

Results

Development of a LC-MS/MS method for MRM quantification of DA and SRT

The chromatographic conditions were optimized with respect to the optimal separation, as 

well as to the maximum sensitivity of the MS detection. The best separation was achieved 

on an YMC-Triart PFP (pentafluorophenyl) column (3 μm, 3 × 150 mm) with a flow rate of 

0.425 mL min−1 using a gradient program of 10 mM formic acid and acidified methanol. 

ESI(+)-MS/MS in MRM mode was used to quantify DA and SRT in the C. elegans 

homogenates. First, CID (collision-induced dissociation) studies were carried out to 

investigate the fragmentation of the protonated molecular ions into their respective product 
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ions and establish the collision energies required, so as to provide optimum intensity for 

each MRM transition. Using the collision energies provided in Table 1, all analytes were 

fragmented into characteristic product ions with optimal intensity. Second, instrumental 

settings of the ion source and ion funnel were optimized after repeated injection and MRM 

detection of a DA standard using the Source Optimizer tool of the acquisition software. In 

the end, three mass transitions each were monitored for DA and DA-d4, whereas two mass 

transitions each were applied for the analysis of SRT and SRT-d4 (Figure 1). The most 

abundant mass transition (quantifier) was chosen for quantification, with additional mass 

transitions (qualifier) used for unequivocal identification (Figure 1). The MRM transition 

m/z 154.1 > 137.0 was used for quantification of DA, m/z 158.1 > 141.0 for DA-d4, m/z 

177.1 > 160.0 for SRT and m/z 181.1 > 164.1 for SRT-d4 (Table 1). The relative intensities 

of the three signals recorded for DA (100:77:43) were comparable to those of the internal 

standard. The same was true for the two signals recorded for SRT (100:17). The respective 

chemical structures and the underlying fragmentation reactions (loss of the primary amine 

function) yielding the most abundant product ions of the analytes are illustrated in Scheme 

1. In order to quantify the analytes investigated in different worm lysates, deuterated internal 

standards of DA and SRT were used for internal calibration and unambiguous identification 

(Figure 2).

Extraction of DA and SRT from C. elegans homogenates and analyte stability

After optimizing the LC-MS/MS conditions, the method was applied to C. elegans 

homogenates. Due to the instability and rapid oxidation of DA and SRT, especially in 

neutral or alkaline medium, acidified extraction methods were used. As an initial step, the 

stability of the deuterated analogues of the respective neurotransmitter in different extraction 

buffers used in the literature for tissue or C. elegans homogenates was evaluated [11, 34, 

35]. Using 0.1 M PCA, 0.1 M PCA/ 0.1 μM ascorbic acid or 10 mM formic acid as 

extractants, the recoveries of DA-d4 and SRT-d4 were only 52, 49, 83% and 2, 1, 34%, 

respectively. However, the introduction of an extraction buffer containing 0.002 M sodium 

thiosulfate in 0.2 M PCA prevented significant degradation of DA-d4 (87% recovery) and 

SRT-d4 (74% recovery) in worm homogenates (Table 2). Further experiments revealed that 

extraction efficiency could be strongly improved by sonication of the prepared extract on 

ice. Stability studies revealed that a long-term storage (> 14 days) of worm pellets at −80 °C 

did not result in analyte degradation (data not shown). However, storing the extracted 

supernatant prior to LC-MS/MS analysis demonstrated a significant analyte reduction. 

Therefore, storage of the extracted worm homogenates was omitted in all further 

experiments, and analysis was carried out on the same day the samples were extracted.

Method validation

The constructed calibration curves of the DA and SRT standard consisted of seven levels of 

spiked worm homogenates in the concentration range 0 – 500 nM. Linearity could be 

observed in the entire concentration range tested for each neurotransmitter, using the peak 

area ratios of the analyte to that of the respective deuterated standard. The slope of the 

regression line was 0.03573 ± 0.0027 for DA and 0.04736 ± 0.00285 for SRT, with a 

correlation coefficient (r2) in all experiments greater than 0.999. No interfering peaks from 

endogenous compounds were observed at the retention times of DA and SRT when WT or 
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cat-2 mutant worms were investigated (Figure 2). This indicates that the method is specific. 

The LOD, defined as the amount of analyte that causes a peak with an S/N ratio of 3, was 

found to be 0.11 nM DA and 0.04 nM SRT. The LOQ, defined as the amount of analyte that 

causes a peak with an S/N ratio of 10, consequently amounted to 0.37 nM DA and 0.14 nM 

SRT (Table 2). The quantification of DA and SRT in homogenates of 40,000 WT worms, 

prepared as described in the Methods section, revealed average concentrations of 6.5 nM DA 

and 4.0 nM SRT (n = 35). These values are about 20-fold and 30-fold above the LOQ of DA 

and SRT, respectively. Thus, we should be able to unambiguously quantify DA and SRT in 

C. elegans even after reduction of the initially applied worm counts to about 2,000 species 

per sample. To our best knowledge, there is no method with a comparable sensitivity 

available yet. The recovery, expressing the remaining signal intensity after analyte loss 

and/or degradation during the sample preparation as well as ion suppression in the ESI 

source by co-extracted matrix components, amounted to values in a range of 74 – 87%, 

indicating a satisfactory recovery of the method. The relative standard deviation of 

quantitative results within a single assay and between independent experiments conducted 

on different occasions is expressed by the intra- and interday variation. As shown in Table 2, 

the variation coefficients of both intra- and interday results were less than 15%, 

demonstrating that the present method is both repeatable and reproducible.

Drug-mediated modulation of DA and SRT levels in C. elegans

The validated LC-MS/MS method was applied to evaluate the effects of the MAO-B 

inhibitor selegiline and the COMT inhibitor tolcapone on the DA and SRT levels in WT 

worms. MAO-B and COMT are crucial enzymes in the degradation of biogenic amines such 

as DA and SRT, not only in C. elegans but also in vertebrates such as humans. 

Consequently, an inhibition of these enzymes would result in an accumulation of respective 

substrates, resulting in increased detectable amounts. The DA values for non-treated worms 

amount to 1.1 ± 0.03 ng DA per mg protein (Figure 3). Selegiline treatment at 50, 100 and 

250 μM resulted in a significant increase of DA levels, while the DA levels following a 500 

μM treatment was indistinguishable from non-treated WT worms. DA levels increased dose-

dependently after administration of tolcapone, reaching significance at ≥ 100 μM (Figure 3). 

The basal SRT level of WT worms is 0.89 ± 0.02 ng SRT per mg protein and did not change 

after selegiline incubation ≤ 250 μM (Figure 4). However, 500 μM selegiline resulted in a 

significant decrease of SRT levels in WT worms. In the case of tolcapone treatment, 

concentrations ≥ 250 μM were sufficient to significantly increase SRT levels compared to 

basal levels (Figure 4). Figure 2 shows respective MRM chromatograms of DA, SRT and 

the accordant deuterated internal standards in untreated WT worms (middle column) and 

selegiline-treated (100 μM) WT worms (right column). The signal intensity of DA in 

selegiline-treated worms is increased compared to non-treated WT worms. However, the 

SRT peaks show comparable intensities irrespective of selegiline treatment. These 

observations corroborate the quantitative results presented in Figures 3 and 4. The reliability 

of our method is further emphasized by the MRM chromatogram for the quantifier mass 

transition of DA in homogenates of unexposed cat-2 worms (Figure 2, left column). These 

mutants have an impaired DA biosynthesis and, likewise, the corresponding chromatogram 

lacks a clear DA signal. In fact, homogenates of cat-2 worms are not completely free of DA 

[33]. However, determined concentrations in our studies were between the LOD and LOQ.
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Basal slowing behavioral analysis

Next we tested the translational value of the findings of the LC-MS/MS data and 

investigated whether the measured effect of selegiline and tolcapone on the DA and SRT 

levels persisted to alter behavioral outcomes of SRT and DA signaling. The basal slowing 

response is a DA-dependent behavior that affects the mechanosensation needed for proper 

food sensing in C. elegans, as worms slow their movement when encountering a bacterial 

lawn. Besides DA, SRT signaling also affects the slowing response of C. elegans. Changes 

(Δ) in number of body bends between plates with and without bacteria reflect the integrity of 

DAergic neurons. Higher values indicate functional, while lower values indicate 

dysfunctional DAergic neurons. cat-2 deletion mutants are defective in this response from 

the loss of DA synthesis. Consequently, they do not slow down on food and show a lower Δ 

value that is significantly different from the untreated and treated WT worms (Figure 5). The 

functional behavioral readout (Figure 5), which was measured 48 h following exposure, 

corroborates the LC-MS/MS data. An increased number of body bends in WT worms 

following selegiline or tolcapone treatment correlates with increased DA levels (Figure 3).

Discussion

The purpose of this study was to establish a specific and sensitive isotope-dilution LC-

MS/MS method for the quantification of DA and SRT in C. elegans. The developed 

methodology using the entire model organism incorporates significant advantages which 

employs adequate worm numbers; minimal sample preparation (e.g. protein precipitation, 

sonication and centrifugation); minimal sample loading capability; and a valid highly 

specific and sensitive LC-MS/MS method. In particular, the method allows an unequivocal 

identification of DA and SRT, as well as a detection sensitivity clearly exceeding that of 

chromatographic methods coupled with fluorescence or electrochemical detection 

commonly used for neurotransmitter monitoring in brain tissue and C. elegans samples. 

Although fluorescence and electrochemical detection has often been used in the past, both 

techniques occupy some limitations. Fluorescence detection requires laborious sample 

preparation due to the necessity of fluorescence derivatization protocols with highly precise 

reaction conditions [9–11]. Restrictions of electrochemical detection include its necessity of 

ion-pairing chemistry to enhance amine retention; the limited ability to accommodate 

changes in mobile phase composition; and the possible drift of the electrode response to 

time that requires more frequent standard calibrations [13, 36]. Furthermore, within both 

detection methods, the analytes can only be identified by their retention time, and 

quantification is limited to external calibration or internal standards like isoproterenol [37, 

38]. However, in the LC-MS/MS method presented herein, the combination of the MRM 

mode with stable-isotopic labelled analogues of the respective analytes as internal standards 

allows an unequivocal identification and quantification of the respective neurotransmitter. 

Moreover, the presented method is characterized by its detection sensitivity and the minimal 

sample loading capability clearly exceeding that of other methods [39, 40] including the 

recently published DA detection using water-soluble photoluminiscent silicon nanoparticles 

incorporating an LOD of 0.3 nM [41]. Moriarty et al. provide a LC-ESI-MS/MS method for 

the analysis of SRT and related compounds in urine and achieved LODs of 8.8–18.2 nM and 

LOQs of 29.4 – 55.7 nM [42]. Only a few publications measuring neurotransmitters in brain 
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microdialysates exist, including Suominen et al. presenting LODs for DA and SRT analyzed 

by LC-ESI-MS/MS of 0.20 nM (3 fmol injected onto the column) and an LOQ of 0.5 nM for 

DA and 1 nM for SRT [16, 17, 43]. Due to the high sensitivity of the developed method 

(LOQ DA: 0.37 nM; LOQ SRT: 0.14 nM; summarized in Table 2), the number of requisite 

worms (L1 stage) could be reduced to about 2,000 per sample compared to other HPLC 

methods requiring hundreds of thousands worms (200,000 worms) per sample [34, 44, 45]. 

While several methods extracting neurotransmitters from brain tissue are often laborious due 

to pretreatment or derivatization steps [13, 18, 35, 46], we developed a fast and simple 

extraction protocol allowing high-throughput analyses. In trying to adopt published tissue 

[11] and C. elegans extraction [34, 47] protocols, the stability of the isotopic labelled 

internal standards could only be insured using a new extraction medium containing 0.002 M 

sodium thiosulfate in 0.2 M PCA. The certain instability of the monitored neurotransmitter 

underlines the importance and advantage of the utilizing stable-isotopic labelled internal 

standards, as they allow for trustworthy correction of analyte loss when added directly to the 

extraction solvent.

The validated analytical method is particularly suited to investigate drug-mediated 

modulation of the DAergic and SRTergic system in C. elegans. Thereby, C. elegans 

incorporates advantages including its fast life cycle and the fully mapped nervous system 

with a conserved DA and SRT biology including synaptic release, trafficking and formation 

[23, 24]. Genes conserved in C. elegans which are involved in the DA synthesis and 

signaling have either been cloned, characterized or predicted from sequence. These include 

the biosynthetic as well as the catabolic enzymes, including aldehyde dehydrogenase (ALD-

D), COMT, DOPA decarboxylase (DDC), GTP cyclohydrolase (GTPCH), MAO, and TH. 

Compounds in the DA pathway of C. elegans which have been already detected by HPLC 

include DA and its catabolic compounds 3-methoxytyramine, homovanillic acid and 3,4-

dihydroxyphenylacetic acid [22, 48]. Whereas DA can be metabolized both by deamination 

via MAO and by methylation via COMT, SRT is degraded primarily by MAO [49]. 

Monitoring the levels of monoamines has traditionally been implicated for evaluation of the 

therapeutic efficacy of MAO and COMT inhibitors. The main function of both enzymes, 

MAO and COMT, is to lower the concentration of monoamines like DA and SRT in the 

central nervous system (CNS). Consequently, MAO and COMT inhibitors work to block the 

breakdown of monoamines in the brain, thus making them more available [11]. For 

example, applying phenelzine, a non-selective and irreversible MAO-A/B inhibitor, caused a 

gradual increase in extracellular SRT and DA levels in rat microdialysates, as quantified by 

HPLC coupled with fluorescence detection [11]. Overall, MAO and COMT inhibitors are 

frequently used for the treatment of neurological disorders like depression, Parkinson’s 

disease and Alzheimer’s disease [50–53]. The C. elegans genome encodes several proteins 

with homologies to MAO, with AMX-2 being the most similar to mammalian MAO-A and 

MAO-B and 5 COMT-like proteins which are all uncharacterized up to now [54]. In the 

literature, there are currently limited data available regarding the application and effects of 

MAO and COMT inhibitors on DA and SRT levels in C. elegans. To our knowledge, the 

present study reports, for the first time, the effect of an MAO-B and COMT inhibitor on DA 

and SRT levels in C. elegans. The quantification of DA and SRT in WT worms exposed to 

selegiline and tolcapone confirmed the suspected inhibition, resulting in an accumulation of 
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the respective neurotransmitter. Selegiline (L-deprenyl), a selective, irreversible inhibitor of 

MAO-B is widely used in the treatment of Parkinson’s disease [55]. However, tolcapone is a 

potent, selective and reversible inhibitor of COMT in the brain; treatment with tolcapone has 

been shown to widen the therapeutic window for levodopa (L-DOPA) by reducing the doses 

needed for symptom control [56, 57].

The C. elegans model system is often used for behavioral studies, since neurotransmitters 

like DA and SRT modulate the nature of locomotory patterns [31]. The behavioral readout 

of WT worms following selegiline or tolcapone treatment (basal slowing) in this study 

corroborated the analytical LC-MS/MS data. With increasing DA and SRT levels, an 

increasing frequency of the worm’s moving events could be observed. In contrast, impaired 

DA signaling, like in cat-2 mutants, causes a defect in locomotor coordination that is 

signified by a reduced number of body bends [31, 33]. Since human patients with 

Parkinson’s disease display a constellation of movement disorders, C. elegans is an often 

used Parkinson’s disease model system. Although the anatomical DAergic circuitry in 

humans and worms is quite different, the C. elegans model system may help identify 

molecular and cellular mechanisms that are disrupted in humans with Parkinson’s disease 

[29]. Braungart et al. observed an ameliorating effect on mobility in worms treated with 

MPP+ (1-methyl-4-phenylpyridium) following selegiline incubation. In this study, selegiline 

showed different maximal beneficial concentrations, which is consistent with our data [58]. 

While maximum basal levels of DA and SRT are achieved following incubating with 50 

μM, the highest concentration of administered selegiline results in DA content that is 

indistinguishable from untreated worms. Although data are limited regarding MAO and 

COMT inhibitors in C. elegans, exogenously applied DA has been previously shown to 

exacerbate manganese-induced toxicity. DA and Mn(II) are hypothesized to have a 

synergistic toxic effect in the worm since pre-treatment with 10 mM DA renders WT worms 

hypersensitive to subsequent MnCl2 exposure, bringing down the LD50 (lethal 

concentration, 50%) from 47 mM to 25 mM [37].

Conclusion

Altogether, the developed and validated specific and highly sensitive isotope-dilution LC-

MS/MS method for the quantification of DA and SRT is particularly suited to investigate 

drug-mediated modulation of the DAergic and SRTergic system in C. elegans which was 

verified by exposing WT worms to an MAO-B and COMT inhibitor. Thereby, the 

advantages of this entire in vivo model organism, including its quick life cycle and a fast and 

simple extraction protocol, would allow for high-throughput analyses in order to identify 

neuroprotective or regenerative compounds. This may also be of central importance for the 

identification of disrupted molecular and cellular mechanisms in neurological disorders, 

since DA and SRT metabolism may be impaired. Additionally, animals can be examined for 

changes in phenotypes, especially those that are related to specific neurotransmitters. For 

example, altered serotonin levels would be expected to alter pharyngeal pumping, and 

altered dopamine levels would be expected to affect basal slowing response in the nematode.

Up to our knowledge this study exceeded the actually published LC-MS/MS methods 

quantifying DA and SRT in sensitivity and for the first time increased DA and SRT levels 
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could be quantified exposing C. elegans towards MAO-B and COMT inhibitors. It should be 

noted that the presented methodology is not necessarily limited to studies in the field of C. 

elegans research. Preliminary tests show that our developed analytical approach may be 

easily transferred to other biological matrices, such as murine brain tissue, indicating its 

possible applicability to other model systems in molecular and analytical neuroscience.
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Highlights

• Highly sensitive LC-MS/MS method for DA and SRT quantification in C. 

elegans

• Applied sample preparation protocol assures high recovery rates of DA and SRT

• Exposure of C. elegans to MAO-B or COMT inhibitors result in an 

accumulation of DA

• C. elegans well-suited to study drug-mediated modulation of the DA and SRT 

system

• Behavioral readout of the treated worms corroborated the analytical LC-MS/MS 

data
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Figure 1. 
MRM chromatograms of DA and SRT in a C. elegans homogenate. Three mass transitions 

were recorded for DA (left panel) whereas two mass transitions were optimized for the 

detection of SRT (right panel). Signal intensities of the qualifier transitions were scaled in 

relation to the respective quantifier transition (topmost chromatograms) that was set to 

100%. The optimal collision energies for each depicted MRM transition are given in Table 

1.
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Figure 2. 
MRM chromatograms of DA, SRT and their respective deuterated internal standards in 

homogenates of cat-2 mutant worms (left panel), untreated WT N2 worms (middle panel) 

and WT N2 worms exposed to 100 μM of the MAO-B inhibitor selegiline (right panel). 

Only the quantifier mass transitions (see Table 1) of DA, SRT and the accordant internal 

standards are presented. For each neurotransmitter and type of worm homogenate analyzed, 

the signal intensity was scaled in relation to the appropriate internal standard (set to 100%).

Schumacher et al. Page 17

Talanta. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Impact of selegiline and tolcapone on the DA level in WT worms. Worms were exposed to 

selegiline (3 h) or tolcapone (4 h) at L1 stage, extracts were prepared and the DA level was 

quantified by isotope-dilution LC-MS/MS. Shown are mean values + SEM of at least three 

experiments each. Statistical analysis by two-way ANOVA, followed by Bonferroni’s 

multiple comparison post-hoc test. ***p<0.001, **p<0.01, *p<0.05 versus respective non-

treated worms.
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Figure 4. 
Impact of selegiline and tolcapone on the SRT level in WT worms. Worms were exposed to 

selegiline (3 h) or tolcapone (4 h) at L1 stage, extracts were prepared and the SRT level was 

quantified by isotope-dilution LC-MS/MS. Shown are mean values + SEM of at least three 

experiments each. Statistical analysis by two-way ANOVA, followed by Bonferroni’s 

multiple comparison post-hoc test. **p<0.01, *p<0.05 versus respective non-treated worms.
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Figure 5. 
Basal slowing response of WT worms following selegiline or tolcapone incubation. 

Behavioral data are expressed as the change in body bends per 20 seconds between treated 

and untreated WT animals placed on plates without food vs. plates with food. cat-2 mutants 

were used as a positive control. Shown are mean values + SEM of at least three experiments 

each. Statistical analysis by two-way ANOVA, followed by Bonferroni’s multiple 

comparison post-hoc test. ***p<0.001, **p<0.01, *p<0.05 versus respective non-treated 

worms.
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Scheme 1. 
Chemical structures of (A) DA and (B) SRT, their respective deuterated internal standards, 

(C) DA-d4 and (D) SRT-d4, as well as underlying fragmentation reactions yielding the most 

abundant product ions used for MRM quantification.
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Table 1

MRM parameters for the detection of DA, SRT and their deuterated internal standard compounds.

Analyte MRM transition [m/z] a Collision energy [V]

Dopamine

154.1 > 137.0* 8

154.1 > 91.0 24

154.1 > 65.0 40

Dopamine-d4

158.1 > 141.0* 8

158.1 > 95.0 24

158.1 > 68.0 40

Serotonin
177.1 > 160.0* 4

177.1 > 115.1 32

Serotonin-d4

181.1 > 164.1* 4

181.1 > 118.1 32

a
Values determined using the Optimizer tool of the Agilent MassHunter Workstation Software. Asterisks indicate mass transitions used for 

quantification. Additional mass transitions were recorded for structure identification of the analytes.
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Table 2

Method validation parameters determined for the simultaneous quantification of DA and SRT in C. elegans 

homogenates.

Parametera Dopamine Serotonin

Recovery [%]b 87.4 ± 1.4 74.3 ± 0.8

Intraday variation [%]c 5.8 ± 1.4 6.3 ± 1.2

Interday variation [%]c 12.6 ± 3.5 11.5 ± 4.2

Limit of detection [nM]d 0.11 0.04

Limit of detection on column [fmol]d 0.56 0.20

Limit of quantification [nM]e 0.37 0.14

Limit of quantification on column [fmol]e 1.87 0.68

Linearity in range LOD – 2.5 pmol [r2]f 0.99984 0.99983

a
All method validation parameters were determined using matrix-matched samples (extract of 40,000 cat-2 or N2 worms per sample).

b
Data are means ± SE of 10 separate analyses.

c
|1 − (xi/x̄)| * 100 % with xi as result of each single measurement and x̄ as the mean result of all analyses. Data are means ± SE of 10 analyses 

(intraday variation) or 5 analyses (interday variation).

d
Defined as analyte amount that produces a peak with a S/N ratio of 3.

e
Defined as analyte amount that produces a peak with a S/N ratio of 10.

f
Worm extracts were spiked with fixed amounts of both deuterated internal standards as well as seven varying amounts of both analytes. The peak 

areas of the analytes, corrected for the responsiveness of the internal standards, were plotted against the concentrations of the analytes followed by 
linear regression analysis.
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