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Serotonin and dopamine are crucial regulators of signalling in the peripheral and central nervous

systems. We present an ex-vivo, isocratic chromatographic method that allows for the measurement of

tyrosine, L-3,4-dihydroxyphenylalanine (L-DOPA), dopamine, 3,4-dihydroxyphenylacetic acid

(DOPAC), tryptophan, 5-hydroxytryptophan (5-HTP), serotonin and 5-hydroxy-3-indoleacetic acid

(5-HIAA) in a model central nervous (CNS) system, to study the role of key enzymes involved in the

synthesis and metabolism of serotonin and dopamine. By utilising a sample splitting technique, we

could test a single CNS sample at multiple time points under various pharmacological treatments. In,

addition, we were able to conduct this assay by utilising the endogenous biochemical components of the

CNS to study the synthesis and metabolism of serotonin and dopamine, negating the requirement of

additional enzyme activators or stabilisers in the biological matrix. Finally we utilised NSD-1015, an

aromatic amino acid decarboxylase enzyme inhibitor used to study the synthesis of dopamine and

serotonin to monitor alterations in levels of key neurochemicals. 3-hydroxybenzylhydrazine

dihydrochloride (NSD-1015) was able to reduce levels of serotonin and dopamine, whilst elevating

precursors L-DOPA and 5-HTP.
Manuscript text

Serotonin (5-HT) and dopamine (DA) have important regula-

tory roles in the peripheral and central nervous system. They are

crucial to a variety of core biological functions, and alterations in

the levels of these transmitters have been implicated in a variety

of disorders.1–3 Although the detection of 5-HT and DA is rela-

tively straightforward with currently established analytical

methods, very limited simple methods exist for studying the

physiological mechanisms that regulate the levels of neuro-

transmitters.4,5 Differences in the levels of neurotransmitters are

explained by the biochemical steps that are involved in their

synthesis, release and metabolism (see Scheme 1). These

biochemical steps are conducted by key enzymes. However,

current methods utilised to measure these biochemical steps are

complex as they require time consuming biochemical assays that

measure levels of a single neurotransmitter, amounts of an

enzyme involved in a biochemical step or are limited to measure

only single time points.6–10

5-HT and DA result respectively from the hydroxylation of

tryptophan and tyrosine to 5-hydroxytryptamine (5-HTP) and

L-3,4-dihydroxyphenylalanine (L-DOPA; Scheme 1). These
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initial steps are catalysed by the oxygenase enzymes tryptophan

and tyrosine hydroxylase and are the rate-limiting step in the

synthesis of 5-HT and DA. 5-HTP and L-DOPA are then con-

verted to 5-HT (5-hydroxytryptamine) and DA (3,4-dihydroxy-

phenylethylamine) respectively via a decarboxylation reaction

catalysed by L-aromatic amino acid decarboxylase (L-AADC).

Metabolism of 5-HT and DA occurs through oxidation to

products 5-hydroxyindoleacetic acid (5-HIAA) and 3,4-dihy-

droxyphenylacetic acid (DOPAC) via monoamine oxidase

enzymes.

Analytical methods currently exist for monitoring the activity

of single enzymatic steps in the pathways described above. These

include spectroscopic, fluorescent, electroanalytical and chro-

matographic approaches.11–15 Of these approaches chromatog-

raphy provides the means to monitor multiple neurochemicals

and thus multiple enzymatic steps within a single assay.16–18

However, existing chromatographic approaches are unable to

study the activities of multiple enzymes involved in the synthesis

and metabolism of more than one neurotransmitter within

a single assay. This is because additional coenzymes and cofac-

tors were required to preserve normal enzymatic activity and

often interfered with the analytes of interest, limiting the scope of

the assay.11,13,19,20 For this reason chromatographic studies have

been limited to investigations of the activity of a single enzymatic

step involved in neurotransmitter synthesis7,10–12,19,20 or limited

by the number of neurochemicals that can be monitored.21,22

These additional exogenous matrix constituents can interfere

with the chromatographic analysis in a number of ways. For
Analyst, 2012, 137, 1409–1415 | 1409
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Scheme 1 Biosynthesis pathway for 5-HT and DA, showing all the key enzymes present in the production and metabolism of these two

neurotransmitters.

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

À
 D

E
G

L
I 

ST
U

D
I 

D
I 

T
O

R
IN

O
 o

n 
11

/1
9/

20
20

 5
:1

9:
57

 P
M

. 
View Article Online
example, ascorbic acid at useful concentrations, masked the

L-DOPA peak and therefore other agents were utilised which,

although were less effective, did not interfere with the

assay.8,9,11,23 Unfortunately, unlike ascorbic acid, these additives

are often not found in useful amounts within a biological system,

or are completely alien and thus making the system ‘artificial’

rather than physiological.

This paper describes a chromatographic assay for the

measurement of multiple enzymatic steps involved in the

production and metabolism of two key neurotransmitters, DA

and 5-HT, using a simple assay buffer with minimal exogenous

additions. Analysis of the key neurochemicals was conducted

using high performance liquid chromatography with electro-

chemical detection (HPLC-ED). We show that our developed

sample procedure and chromatographic method allow for the

means of studying activity from a model central nervous system

(CNS) preparation. The method allows for intervention using

established pharmacological agents to inhibit key steps in the

synthesis and metabolism process and we discuss the ability of

the current approach to study multiple enzyme kinetics.
Experimental section

Chemicals

3,4 dihydroxyphenylethylamine (Dopamine, DA), 5-hydroxy-

tryptamine (serotonin, 5-HT), tyrosine, tryptophan,
1410 | Analyst, 2012, 137, 1409–1415
3,4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxy-3-

indoleacetic acid (5-HIAA), 5-hydroxytryptophan

(5-HTP), L-3,4-dihydroxyphenylalanine (levodopa, L-DOPA),

3-hydroxybenzylhydrazine dihydrochloride (NSD-1015),

p-chlorophenylalanine (pCPA), a-methyl-p-tyrosine (aMPT),

citric acid and sodium acetate were obtained from Sigma Aldrich

and used as received. All other chemicals were obtained from

Sigma and used as received. All solutions were prepared in class

A volumetric glassware.
Sample preparation

The methodology for the preparation of the tissue samples was

adapted from previous methods.24,25 The CNS was removed

from the pond snail Lymnaea stagnalis and pinned out in

a silicone elastomer (Sylgard) – lined dish filled with ice-cold

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-

buffered saline (consisting of 10 mM HEPES, 50 mM NaCl,

1.7 mM KCl, 2 mM MgCl2$6H2O and 4.0 mM CaCl2$2H2O,

buffered to pH 7.9) to facilitate the dissection of the CNS

segments. The buccal ganglia and associated lateral and

ventral buccal nerves, cerebrobuccal connective and cerebral

ganglia were utilized for this assay.18 This region is well known

to be associated with the feeding behaviour of the animal,

a behaviour which is quantifiable and has been used by

a number of groups to measure age-related neurological

changes.26,27
This journal is ª The Royal Society of Chemistry 2012
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Assay buffer mixture

Tissue was placed in 50 ml of ice-cold assay buffer (the basic assay

buffer mixture consisted of HEPES-buffered saline, 10 mM

L-tyrosine, 10 mM L-tryptophan, protease inhibitor cocktail

(SIGMA) and PHOSstop phosphatase inhibitor cocktail

(Roche)) and manually homogenised on ice using a mortar and

Eppendorf until no solid particles were evident (around 20

rotations). A further 60 ml of ice-cold reaction mixture was used

to rinse the homogeniser down to maximise the tissue yield and

the sample was then divided into either two or three 50 ml

aliquots. An equal volume of ice-cold 0.1 M perchloric acid was

added to one aliquot to precipitate out proteins in the sample,

thereby halting enzymatic reactions. This sample constituted

time T0. To the second sample, either 10 mM NSD-1015, 10 mM

pCPA or 10 mM aMPT were added or the sample was simply left

at 21 �C for 30 min, before the addition of 0.1 M ice-cold

perchloric acid to give the second time point, T30. Immediately

after the addition of perchloric acid, samples were centrifuged at

4 �C for 10 min at 14,000 g before 80% of the supernatant was

removed and filtered through 0.2 mm regenerated cellulose

membrane syringe filters (Phenomenex�) to remove any sus-

pended, precipitated solids. Samples were stored on ice prior to

injection for analysis.

Chromatography

The HPLC system consisted of a Shimadzu pump and Rheodyne

manual injector equipped with a 20 ml loop. The KINETIC�

ODS 2.6mm 100 mm � 2.1 mm i.d. analytical column with

a KrudKatcher� Ultra in-line filter (Phenomenex�, Maccles-

field, UK) was used. The HPLC system was used in isocratic

mode at ambient temperature for the determination of neuro-

transmitters, run with a 150 ml min�1 flow rate and an injected

sample volume of 20 ml. CHI 1001A (CH Instruments, Austin,

TX, USA) was used to control the detector voltage and record

the current. A 3 mm glassy carbon electrode (Radial flow cell,

Bioanalytical Systems Inc.) served as the working electrode and

was used with a Ag|AgCl reference electrode and a stainless steel

auxiliary block as the counter electrode. The working electrode

was set at a potential of +850 mV versus Ag|AgCl reference

electrode. Control and data collection/processing were handled

through CHI 1001A software.

The stock buffer for the mobile phase comprised the following:

0.1 M sodium acetate, 0.1 M citric acid and 27 mM disodium

ethylene-diamine-tetra-acetate (EDTA) dissolved in 1 l of

deionized, distilled water and buffered to pH 3.5 using concen-

trated sodium hydroxide. To prepare the mobile phase, the

acetate buffer was mixed with methanol (HiperSOLV� for

HPLC, BDH) in the ratio 95 : 5 (v/v) and degassed by sonication

after mixing.

Standards and calibration

Standard solutions were prepared from a 500 mM stock standard

of each analyte prepared in 0.1 M perchloric acid. Each of the

standard solutions were prepared on the day of analysis and

stored at 4 �C between injections. A calibration range was

obtained by running, individually, a range of concentrations of

5-HIAA, tryptophan, tyrosine, 5-HT, DA, DOPAC, L-DOPA
This journal is ª The Royal Society of Chemistry 2012
and 5-HT through the developed chromatographic method.

Concentrations investigated ranged from 0.01 to 5 mM for

L-DOPA, 5-HTP, DOPAC, and 5-HIAA. For 5-HT and DA the

range was 0.1 to 5 mM and for tryptophan and tyrosine, cali-

brations were carried out between 1–100 mM.

Data analysis and interpretation

Amixture of all the standards was run freshly each day to ensure

the retention times remained constant and samples were analysed

against this standard. The peak areas of each of the neuro-

chemicals from the various treatments were measured and their

concentrations determined from calibration plots for each ana-

lyte. The concentration of each analyte was then normalised to

the amount of protein in that sample, determined using the

Bradford assay.28 For analysis, the ratio of normalised responses

at T0, T30 and T30 in the presence of a pharmacological agent

were compared using non-parametric tests. Data was presented

as mean � St.dev.

Results and discussion

Chromatography method development

A potential of +850 mV vs. Ag|AgCl reference electrode was

chosen as the detection potential for the chromatographic assay

based on quasi-steady state hydrodynamic voltammograms

(see Supplementary Figure 1†). Many studies do not characterise

the optimal potential for detection of analytes and in some cases

lower potentials have previously been used.29 In both cases the

use of a potential where the diffusion limited current for all

compounds is not obtained can lead to poor precision and

accuracy especially where, as in the case for carbon electrodes,

the heterogeneous rate constant can be influenced by adsorption,

and the current response subsequently altered.

Chromatographic responses are shown in Fig. 1, where all the

analytes were separated using an isocratic mode. Based on

responses in Fig. 1A, 5% methanol was utilised in the final

mobile phase to allow sufficient separation of DA and tyrosine.

As flow rate correlated linearly with retention time (Fig. 1B),

a flow rate of 150 ml min�1 was utilised. This flow rate is fit for

purpose but could be increased to reduce the overall run time;

however we were limited due to the capabilities of our pump.

The chromatographic assay is similar to other methods;

however, we are able to show separation of all the key neuro-

chemicals in an isocratic mode instead of the more complex

gradient elution mode.13,30 No interference was observed from

other key neurochemicals such as norepinephrine (NE) and

homovanillic acid (HVA). An internal standard was not utilised

for the assay, as exogenous tryptophan and tyrosine were used

as retention time markers. All separations were obtained with

a capacity factor of less than 5 (longest retention time of

approximately 17 min).

Retention times of L-DOPA, tyrosine, DA, 5-HTP, 5-HT,

DOPA, tryptophan and 5-HIAA were 2.1, 2.6, 2.8, 4.3, 6.3, 8.1,

10.9 and 16.6 min respectively and the chromatograph is shown

in Fig. 1C. The number of theoretical plates (N) for the separa-

tion was high, with the greatest value obtained for 5-HIAA

(12197 plates) and the lowest for the elution of tryptophan

(6605 plates). Minimal peak tailing was observed for the entire
Analyst, 2012, 137, 1409–1415 | 1411
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Fig. 1 Chromatographic method parameters. (A) The influence of

increasing methanol content on retention time when the flow rate is 100

mL min�1. (B) The changes in retention time with increases in flow rate at

5% methanol. (C) A chromatograph of a standard mixture at 150 mL

min�1 flow rate using 5% methanol, 95% 0.1 M acetate buffer. Standards:

1 – L-DOPA (10 mM); 2 – tyrosine (100 mM); 3 – DA (10 mM); 4 – 5-HTP

(10 mM); 5 – 5-HT (10 mM); 6 – DOPAC (10 mM); 7 – tryptophan

(100 mM) and 8 – 5-HIAA (10 mM).

Pu
bl

is
he

d 
on

 3
1 

Ja
nu

ar
y 

20
12

. D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

À
 D

E
G

L
I 

ST
U

D
I 

D
I 

T
O

R
IN

O
 o

n 
11

/1
9/

20
20

 5
:1

9:
57

 P
M

. 
View Article Online
separation (values within 0.8 and 1.3), except for L-DOPA and

5-HTP, where responses were 1.52 and 1.35 respectively. Baseline

resolution was observed for the separation (Rs < 3.0) for all

components except for DA and tyrosine, where Rs was 0.45.

Although this value is lower than that which is normally

considered adequate, peak responses were easily identified for

both analytes. Using a mobile phase consisting of 95% 0.1 M

acetate buffer and 5% methanol, all major analytes were sepa-

rated within 17 min. Previous HPLC assays that monitor enzy-

matic activity have run times from 6 to 12 min but only monitor

one neurotransmitter.9,12,19,20

When the sample mixture was repeatedly injected, the repro-

ducibility of chromatographic peak areas were within 2% (n ¼
15, data not shown) suggestive that the electrode was not influ-

enced by electrode fouling. Supplementary Table 1 shows the

calibration range of the analyte of choice, the limit of detection

(LOD, based on the 3 standard deviations of the y intercept using

least-squares regression) and the correlation coefficient (R2).†

The metabolites and precursor molecules are present in varying

concentrations within the CNS of Lymnaea and therefore the

concentration range was based on previous methods.18 The limits

of detection for L-DOPA, tyrosine, DA, 5-HTP, 5-HT, DOPAC,

tryptophan and 5-HIAA were 24 nM, 1.12 mM, 67 nM, 20 nM,

98 nM, 35 nM, 1.24 mM and 29 nM respectively. These limits of

detection for metabolites are similar to a previous method that

was utilised for monitoring levels of neurochemicals from brain

homogenates.31–33 The limits of detection are also significantly

higher for tyrosine and tryptophan than all other components;

however for this assay these components are usually added in

excess in order to study enzymatic activity and so the higher limit

of detection is not prohibitive.
1412 | Analyst, 2012, 137, 1409–1415
Overall this short simple method provides a clear analysis of

the key neurochemicals involved in the synthesis and metabolism

of DA and 5-HT and thus provides a means to study the enzy-

matic activity within the pathways of both key neurotransmitters

using a single assay.
Influence of buffer constituents on studying enzymatic activity

The major goal of this work is the ability to study the activity of

the enzymes integral to the biosynthesis of both 5-HT and DA in

a single assay. Previous studies have examined the enzymatic

output of tyrosine and tryptophan hydroxylase; however these

methods, which focused on monitoring a single neurotransmitter

system, required a complicated assay buffer in order to maximise

the output of the enzymes and also utilised a variety of post-assay

sample preparation steps to observe peaks of the key analy-

tes.6,8,9,19 All of these features made these assays laborious,

complicated and far removed from the endogenous biological

conditions. We have utilised a simple sample preparation method

that allows such measurements to be made without interference

from any assay buffer constituents on the chromatogram or

require the addition of enzymatic stabilisers to the mixture and

elevate activity.

In other assay buffers, three types of agents are commonly

added: 1) an anti-oxidant such as catalase, 2) reducing agents

such as mercaptoethanol (BME) or dithothreitol (DTT) and 3)

enzyme co-factors such as tetrahydrobiopterin (BH4).
11 However

these agents interfere with the separation of analytes of interest

(e.g. ascorbic acid interfering with L-DOPA11,12). We, however,

observed no interference from ascorbic acid with the responses of

all analytes during chromatographic analysis (see Fig. 2A). This

is an advantage as, compared to BME or DTT, ascorbic acid

induces the highest activity of tyrosine hydroxylase and also acts

as an antioxidant, preserving some of the more fragile down-

stream neurochemicals from oxidation.11 Furthermore, ascorbic

acid is also endogenous to the CNS and present in large amounts,

negating the need to add an exogenous supply. Both catalase and

BH4 are also frequently added to assay buffers. As our system

contains endogenous ascorbate and will also contain an amount

of endogenous BH4. We investigated whether the addition of

catalase and BH4 would a) interfere with any peaks of interest

and b) was required to improve the activity of the enzyme.

Fig. 2A shows chromatographic responses of 1mg ml�1 catalase

and 1 mMBH4. Catalase and BH4 have retention times of 2.1 and

2.5 min respectively. The peaks of catalase and BH4 overlap and

therefore interfere with responses of DA and tyrosine in our

assay. Similar responses have been observed by other

researchers.9,12,19 When catalase and BH4 were introduced to the

assay buffer along with a CNS homogenate, only the seroto-

nergic components could be analysed due to the masking of the

dopaminergic analytes. No noticeable differences were observed

between the chromatograms produced at T30, in the presence or

absence of catalase and BH4 (data not shown). Therefore, we

have chosen to use the endogenous ascorbic acid present within

the CNS of Lymnaea to act as the key antioxidant within the

assay buffer to maximise the activity of the enzymes, and to rely

upon the endogenous activators and co-factors contained within

the CNS homogenate to promote and stabilise the reaction.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 In (A) the influence of assay buffer constituents on chromato-

graphic separation of all neurochemicals. A standard mixture of all eight

components is shown with responses of individual injections of enzymatic

activators (100 mM ascorbic acid, 1 mM BH4 and 1mg ml�1 catalase) and

inhibitors (NSD-1015, pCPA and aMPT; all 10mM). In (B) chromato-

graphic responses of standards in the presence and absence of 10 mM

NSD-1015 in assay buffer. Chromatographic conditions as in Fig. 1C.

Standards: 1 – L-DOPA (10 mM); 2 – tyrosine (100 mM); 3 – DA (10 mM);

4 – 5-HTP (10 mM); 5 – 5-HT (10 mM); 6 – DOPAC (10 mM); 7 – tryp-

tophan (100 mM) and 8 – 5-HIAA (10 mM). Chromatographic signals

were not seen for either 10 mM pCPA or 10 mM aMPT. A signal was

detected for 10 mM NSD-1015, but this did not occur at a retention time

that would inhibit the observation of any of the analytes of interest.

Fig. 3 Chromatographs from CNS tissue measurements. Responses are

shown for (i) assay buffer containing 10 mM tyrosine and tryptophan,

which was used to spike CNS samples, (ii) T0 sample, (iii) T30 sample and

(iv) T30 sample in the presence of 10 mM NSD-1015. Chromatographic

conditions as in Fig. 1C. Solutes: 1 – L-DOPA; 2 – tyrosine; 3 – DA; 4 – 5-

HTP; 5 – 5-HT; 6 – DOPAC; 7 – tryptophan and 8 – 5-HIAA.
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Another potential limitation of such assays is the interference

of pharmacological agents utilised to study the activity of rele-

vant enzymes. Fig. 2 shows chromatographic responses from i)

NSD-1015, a L-AADC inhibitor, ii) pCPA, a tryptophan

hydroxylase inhibitor, and iii) aMPT, a specific tyrosine

hydroxylase inhibitor. From these components only NSD-1015

produced a peak on the chromatogram with a retention time of

3.4 min. At the concentrations tested, the peak produced by

NSD-1015 does not overlap those of the neurochemicals of

interest, allowing us to study the two, key, rate-limiting enzy-

matic steps involved in the formation of 5-HT and DA (Scheme

1). Also these components may interfere with the levels of these

neurochemicals. As shown in Fig. 2B, there is no difference in the

chromatographic responses of all analytes with or without the

presence of the assay buffer constituents and 10 mM NSD-1015.

To summarise, we have been able to use the natural

biochemical matrix of the CNS homogenate, containing endog-

enous ascorbic acid and all the necessary co-factors to study the
This journal is ª The Royal Society of Chemistry 2012
role of enzymes responsible for the formation of 5-HT and DA.

At the concentrations used, the enzyme inhibitors did not

interfere with the chromatogram nor did they significantly alter

the levels of neurochemical standards. This method is advanta-

geous in that it provides the endogenous matrix components are

sufficient to stabilise and study CNS enzymes.

Investigation of enzymatic activity under ex vivo conditions

To determine whether enzymatic activity could be monitored

from a single CNS homogenate, the feasibility of splitting

a sample into identical aliquots to allow for sampling at multiple

time points was studied. No differences in the amount of

neurochemicals were observed from either split following nor-

malisation to protein content (see Supplementary Figure 2†).

Sample splitting of the cerebro-buccal sample allowed us to study

neurochemical levels at T0 and T30 in the absence of any phar-

macological agents (Fig. 3). Changes in the levels of neuro-

chemicals were used to gain some understanding of the

enzymatic steps that were active in the synthesis and metabolism

of 5-HT and DA.

All neurochemicals were observed in the cerebro-buccal

sample at T0, with 98.7 nM L-DOPA, 10.0 mM tyrosine, 82.0 nM

DA, 23.2 nM 5-HTP, 650.9 nM 5-HT, 42.9 nMDOPAC, 9.9 mM

tryptophan and 74.7 nM 5-HIAA being detected (Fig. 3). These

levels were similar to other studies from invertebrates.18,34

Previous studies detailing the distribution and morphology of

various neurons in the Lymnaea CNS showed the cerebro-buccal

region to be rich in serotonergic neurons, with a small number of

dopaminergic cells.35,36 This was reflected in the concentrations

of 5-HT and DA observed in the current study, with around 6

times more 5-HT being present than DA. Enzymatic activity was

investigated by studying changes in the levels of neurochemicals

between T0 and T30. After 30 min there was a decrease in tryp-

tophan (loss of 5.0� 3.58% compared to T0) and tyrosine (loss of

6.1 � 4.9% compared to T0). Both tyrosine and tryptophan were

used to spike the samples so the decreases in the amounts are

small due to both sample losses and enzymatic activity. Levels of

DA and 5-HTP also decreased after 30 mins. Increased levels of

L-DOPA, 5-HT, DOPAC and 5-HIAA were observed at T30
Analyst, 2012, 137, 1409–1415 | 1413
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compared to T0. The greatest increases were observed for

L-DOPA (which increased by 61.1� 10.1%) and 5-HIAA (which

increased by 105 � 11.3%; Fig. 4). High levels of 5-HIAA at T30

suggest a rapid conversion of tryptophan to 5-HT and then its

metabolism to 5-HIAA. DA synthesis was however much slower

with high levels of L-DOPA observed at T30 and a decrease in

DA levels, all enzymes within the serotonergic pathway must

have greater efficiency compared to the dopamine pathway

under these conditions, whereas greater levels of L-DOPA are

generated and the post enzymatic reactions are slower. Addi-

tionally, buffer conditions (pH, final concentration of co-factors)

may confer favour to elements of the serotonergic pathway

relative to that of the dopamine.
Influence of L-AADC inhibitor on neurochemical levels

In Fig. 4, enzymatic activity is investigated using the L-AADC

inhibitor NSD-1015, which blocks the conversion of L-DOPA to

DA and 5-HTP to 5-HT, thereby preserving levels of L-DOPA

and 5HTP and allowing the activity of the enzymes tyrosine and

tryptophan hydroxylase, to be investigated. The cerebro-buccal

homogenate was split into 3 samples and each spiked with 10 mM

of tyrosine and tryptophan to ensure that the system was satu-

rated with substrate. Chromatograms were obtained for T30

samples in the presence and absence of 10 mM NSD-1015 and

these were compared to T0 (Fig. 3). The ratio of normalised

responses is shown in Fig. 4, where the ratio of T30:T0 for the

neurochemical of interest is shown for samples untreated or

treated with either 10 or 30 mM NSD-1015.
Fig. 4 Responses showing the influence of the L-aromatic decarboxylase

inhibitor NSD-1015 on the levels of the key analytes. Responses of key

analytes influenced in the (A) dopaminergic and (B) serotoninergic

systems are shown. Where (0) samples are untreated responses taken at

T30 and treated responses are T30 samples in the presence of 10 or 30 mM

NSD-1015. Responses shown as mean� St.Dev., n¼ 3, *p < 0.05, **p <

0.01 or ***p < 0.001 using a one-way ANOVA with a post-hoc Tukey

test. Where * shows differences between samples treated with and without

NSD and † shows differences between 10 mM and 30 mM NSD-1015.
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For the dopaminergic system, L-DOPA levels significantly

increased in the presence of both 10 and 30 mM NSD-1015

(p < 0.001, n ¼ 3, Fig. 4A). There was no difference in the

response between 10 and 30 mM NSD-1015. These increases in

L-DOPA resulted in significant decreases in DA levels. DA levels

were significantly diminished (p < 0.001, n ¼ 3) by 66.7 � 5.0%

between controls responses and those in the presence of 10 mM.

Levels of DA decreased also in the presence of 30 mMNSD-1015

(p < 0.01, n ¼ 3, Fig. 4A). Collectively these data demonstrate

that the pharmacological inhibitor NSD-1015 was able to block

the L-AADC in the dopaminergic system.

As the same enzyme is involved at the equivalent step in the

serotonergic system, NSD-1015 should prevent the formation of

5-HT from 5-HTP. As observed from Fig. 4B, this also is

the case. 5-HTP levels significantly increased by 40.7 � 44.3%

(p < 0.01, n ¼ 3) in the presence and 10 mM NSD-1015, and was

also significant higher in the presence of 30 mM of the inhibitor

(p < 0.05, n ¼ 3). Significant decreases in the levels of 5-HT were

also observed in the presence of 10 mM (p < 0.001, n ¼ 3) and

30 mM NSD-1015 (p < 0.01, n ¼ 3, Fig. 4B).

The influence of the inhibitor was greater for the doampinergic

system compared to the serotoninergic system. This was

surprising, considering that the L-AADC enzyme responsible for

controlling both reactions is the same, however 5-HTP and

L-DOPA may have different substrate specificities for the

enzyme and therefore the rate of conversion to 5-HT and DA

respectively may not be comparable. Overall, the addition of the

inhibitor to facilitate blockade of a particular enzymatic step was

clearly reflected within the levels of the neurochemicals observed

and did not require the addition of supplementary assay buffer

constituents as other methods have required.6,8,9,12,37

Conclusions

We have developed an efficient method for the analysis of the

neurochemicals involved in the production and metabolism of

5-HT and DA utilising a simple chromatographic assay and an

easy-to-prepare assay buffer mixture. This combination allows

for basic sample preparation steps to be used for studying

enzymes in biological systems. The sample splitting approach

provides a means to study the enzymatic activity at varying time

points in the absence or presence of pharmacological interven-

tion. The assay was able to study the influence of a pharmaco-

logical agent designed to inhibit a specific enzymatic step without

the addition of further agents to the assay buffer. As well as the

direct quantification of a range of neurochemicals, this approach

has the potential for application in the study of discrete enzyme

activity in these two neurotransmitter systems.
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