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SUMMARY 

A simple, rapid and specific method for the determination of sexx&onin and cateehol- 
aminea in brain is described. After tissue homogenisa tion, eatecholamines are isolated by 
adsorption onto alumina and elation with perchloric acid. Serotonin is isolated by extraction 
into n-heptanol and back-extraction into acid_ High-performance liquid chromatography of 
the acid extra&s is performed with a CIs reversed-phase column and simple mobile phases. 
D&z&ion is by the intrinsic fhzorescemze of the amines on excitation at 200 nm. Detection 
limiti axe 100 pg for norepinephrine, 300 pg for dopamine and 20 pg for serotonin The 
res&s are found to correlate well with a catechol O-methyl transferase radioenzymatic ass8) 
for catecholamines and a ninhydrin derivatisation procedure for serotonin. 

XNT’RODUCIlON 

Catecholsminergic and serot~ninergic neurones have been shorn to he 
involved in the central nervous control of cardiovascular reflexes but their 
exact role in this and the pathogenesis of hypertension rem&s unclear Cl, 21. 
Studies in &is Institute aimed at elucidating these pathways have involved the 
study of cardiovasc~ reflexes after the depletion of these neurotrammitters 
by 6-hydroxydopamine and 5,6clibydroxytryptamine 13-51. In order to assess 
the degree of depletion of these trznsmitters and their possible role in the 
observed. cardiovascular responss, reliable specific and sensitive assays are 
required for routine me. 

We have found that the combination of adsorption on alumina for catechol- 
amines and a simple solvent extra&on for serotouin as origkally described by 
Shellehergei aud Gordon [S] gives excellent recoveries for the .amiues and 

*To Mom comes~ndence should be adchssed. 
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relatively pure extracts suitable for assay. The original procedure has been 
modified, first to incorporate a very sensitive radioenzymatic assay for 
catecholamines and now a high-performance liquid chromatographic @PLC)- 
fluorimetric assay by which both catecholamines and serotonin may be deter- 
minedsimplyand withexce~entsensitivity. 

EXPERIMENTAL 

Norepinephrine (d,L7-3H, 5-15 ci/mmol) was purchased from New England 
Nuclear (Boston, MA, U.S.A.) and S-adenosyhnethionine (t&&ted S-methyl, 
7---15 Ci/mmole) from the Radiochemical Centre (Amersham, Great Britain). 
Norepinephrine bitartrate, dopamine, normetanephrine and 3-methoxy- 
tyramine hydrochlorides were purchased from Sigma (St. Louis, MO, U.S.A.). 
Scrotoain creatinine sdfate was obtained from Pluka (Buchs, Switzerland). 
N-Tris(hydroxymethyl)methylglycine (T’ricine) and n-heptanol were purchased 
from Hopkin end Williams (Chadwell Heath, Great Britain). Heptanol was 
d&tilled before use and after use was washed with water and n&stilled for 
re-use. Ki~el60 F254 thin-layer plates, 0.25 mm thick (Merck, Darn&&t, 
G.F.R.), were used in chromatography. Liquifluor (New England Nuclear) 
end Jnstagel (Packard Instrument, Downers Grove, IL, U.S.A.) were used in 
liquid scintiRation counting. Alumina, activity grade I, 70-230 mesh (Merck) 
was pretreated according to the method of Anton and Sayre [7] _ Catechol 
O-methyl transferase (COMT) was prepared by a modified method of Axelrod 
and Tomchick [S] involving the dialysis of the 30-50% ammonium sulfate 
precipitated fraction against 0.001 M phosphate buffer pH 7.0 for 16 h. The 
find protein concentration was 16 to 24 mg/ml and l-ml ahquots were stored 
at -20°C for up to three months before use without loss of activity. Aceto- 
r&rile, 19OnmHESC!gmdexvas pu~hasedfrom WatersAsso~(MiIfod, MA, 
U.S.k). Water for I-PLC was redistined tirn alkaline permanganate before use. 
All other reagents were of A.C.S. certified grade. 

Chmmafogmphic system 
A 5000 series liquid chromatograph fitted with a universal loop injector 

(Varian, PaI0 Alto, CA, USA) was used in conjunction with a Micropak MCH- 
10 o&xiecyl_s&ne reversed-phase column (300 X 4 mm ID.). A 40-mm guard 

‘column was packed with pellicular C Is material (Vydac SC reversed phase, 
V&an). The detector was a Schoeffel FS 970 fluorimeter (Schoeffel, West- 
wood, NJ, USA) fitted with a deuterium arc source. The amines were 
detected by excitation at 200 nm end their fluorescence emission was seIected 
by a Corning 7-60 glass filter with an approximate bandpass of 320400 run. 

Brain samples 
Rabbits were obtained from an inbred colony established since 1961 

(Commonwealth Serum Labs., Melbourne, Australia) and were kilIed with an 
overdose of sodium pentobarbitone. The brain and spinal cord were rapidly 
removed and dissected over ice into cerebml hemispheres, thalamus plus 
limbic (thalamus, basal ganglia and hippocampus) hypothalamus, midbrain, 
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pans-plus medulla, cerebellum, cervical cord,thoracic cord and lumbar cord. 
These were then frozen in liquid nitrogen, weighed and stored in liquid 
nitrogenforuptofourweeks. 

Sknpie prepamfion 
The sections of brain were homogenised with a Polytron homogeniser 

(Kinematic Luzern, Switzerland) at setting 5 for 10 set in 0.4 M perchloric 
acid containing 0.1% sodium metabisulfiti aud 0.05% Na,EDTA. The ratio of 
acid to tissue was 6:l, v/w_ The homogeniser was washed with L ml of acid and 
the washiugs added to the homogenate. The homogenates were centrifuged at 
30,000 g for 10 min aud the supernatants collected and stored over ice. The 
pellets were resuspended in 2 ml of 0.4 M perchloric acid, centrifuged and the 
two supernatants pooled. The total volume was then recorded. 

Tritiated norepinephrine (200,000 dpm) was added to 6 ml of thesuper- 
natant and buffered to pH 7.5 to 8.0 with 5 to 6 ml of Tricine buffer (Tricine 
100 mM and Na,EDTA 68 mM in 0.525 M sodium hydroxide) as described by 
Shellenberger and Gordon [S] . Alumina (300 mg) was added and the samples 
shaken gently for 15-20 min. After centrifugation at 1000 g for 5 mm, the 
supematant was removed for the serotonin determination. The alumina was 
washed three times with 20 ml of water by gentle inversion and centrifuged for 
5 min at 1000 g_ All water was carefully removed by aspiration. The catechol- 
amines were eluted by the addition of 0.1 M percbloric acid (5 ml for radio- 
enzymatic e&m&ion and 1 ml for HPLC) with gentie shaking for 15 min. 
After centrifugation the acid eluate was transferred to clean tubes and stored 
at 4°C. Aliquots (50 ~1) of the eluates were added to 10 ml of Iustagel for 
scintillation counting to determine the recovery of catechokunines. The eluates 
are stable for at least one week at 4°C. 

The eluates were assayed by injection of 50-100 ~1 directly onto the HPLC 
c&unn. The mobile phase was 0.01 M perchloric acidacetonitrile (99:1) and 
the flow-rate was 2 ml/min. Detection was by fluorescence (see Chromato- 
graphic system). Calibration was performed by the injection of standard 
solutions &eshly prepared from stock solutions (1 mg/ml in 0.01 M hydro- 
chloric acid). 

Ra&oenzyrna tic esfitnafima 0 f catecholamines 
Norepinep’nrine and dopamine are estimated in the alumina eluates by 

enzymatic conversion to tritiated ncrmetanephrine and 3-methoxytyramine 
respe&ively. Enzyme inhibition ]8, 9] by ahnnWum ions was effectively 
overcome by 1:l dilution of the eluates with 0.1 M perchloric acid. 

Duplicate aliquots (50 ~1) of the diluted eluates were added to 50 ~1 of 0.2 
M perchloric acid in 15-d stoppered glass tubes. Blank samples were prepared 
with 109 ~1 of 0.15 M pemhloric acid and external standards (100, 250 and 
5QOpg)iu50 ~lofO.IMper&loricacid. 

The reaction was started by the addition of100jA ofanenzymemixture 
containing 12.5 mM MgCIZ, 600 mM T’ris HCl pH 9.6, 13HlS-adenosyl- 
methionine (2.5 &i) and COMT (44%, v/v), prepared in ice immediately before 
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use. The samples were then incubated at 37°C for 46 mm. The reaction was 
stopped by the addition of 100 ~1 of 1 M sodium hydroxide cont&nin&O.8 M 
boric acid, 0.08 M N+EDTA and 3 m.M normetanephrine zmd metboxy@+ 
amine. The 0-methylated derivatives were extracted with 4 ml of 8 mixtme of 
toluene-isoamylalcohol (3:2) by shaking for 2 mlrr and the organic phase 
transferred to clean tubes contamurg loo pI of 0.1 M acetic zu5d. Here and in 
all subsequent steps phase separation was simplified by freezing the aqueous 
phase in dry ice-ethanol. The tritiated derivatives were e&acted into the acid 
phase by &&ring for 2 min, the phases separated by centrifugatioa and the acid 
phase was washed with a further 2 ml of toluene-kxunyl akoho1 mixture. The 
acid extra&s were dried in vacua at 50°C and taken up in 100 .A of 0.001 M 
methanok hydrochloric acid which was quantitatively transferred to silica 
gelthin-layer plates.‘Phepk&s were developed inaso~ven~syste~consisting 
of chloroform-ethauol-ethylamiue (80:15:7, water satura?zd). After develop- 
ment the plates were air dried, the bands corresponding to the derivatives 
located under UV illumination (254 run), and scraped into scintillation vials. 
‘PO- each vial was added I ml of 0.05 Ef ammonia. 

Vials containing normetanephrine were treated with 100 pl of 3% sodium 
periodate for 5 mm. The reaction was stopped with 100 ~1 of 10% glycerol and 
acidified with I ml of 0.1 M acetic acid. The vanilhn thus produced was 
extracted by brief shaking into 10 ml of toluene-LiquZluor scintillsnt for ‘Ii 
determination. 

MethoxyQmmine was extracted directly into 10 ml of toluene-isoasnyl 
alcohol which was added to 10 ml of In&a@ for 3H determination. 

The assay is linear to at least 500 pg of catecholamine. Blank values are 
typically 20-50 cpm for norepinephrine and 100-200 cpm for dopamine 
while the slopes of the standard curves are 25-35 cpm per pg of catechd- 
amine. 

Estimation of serotonin by the HPLC method 
Aliquots of the buffered perchloric acid homogenates (2 ml) were taken 

from the ahunina adsorption step, saturated with 1 g of sodium chloride and 
adjusted to pH 9.8 f 0.4 with 80-120 mg of potassium carbonate. !%mdards 
were made up in 1 ml of 0.4 M perchloric acid and 1 ml of Triciue buffer. Then 
n-heptanol (4 ml) was added to each sample and shaken for 2 min, followed by 
centrifugation to separate the phases. A 3-d aliquot of the heptanol extmCt is 
transferred to clean tubes and serotonin is backextmcted into 500 pi 0f 0.5 M 
NaH2P04. The heptanol was carefully aspirated and the extract washed with 1 
ml of n-heptane to remove residual heptauol. 

The extract was then assayed by injection of 50 ~1 directly on&o the HPLC 
column. The mobile phase was 0.01 M perchloric acid--acetonitrile (85:15) at a 
flow-rate of 2 ml/mm Calibration was by means of a curve prepared concur- 
rently with the samples from extermd standards. Fluorescence detection was 
used (see Chromatographic system). Results with this method were compared 
wSh those ohtamed by using the method of Shellenberger 8IIcz Gordon IS] 
without modification. 
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For each sample. the recovery of catechoktmines was estimated by the 
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recovery oft&S&d norepinephdne. Use oftbismethodtoestimatedopamine 
recoverksisjustiEed bytheobserrration~atther~ov~~ofseveralcatechol- 
amines ixe very simirsar IS, IO] _ Recoveries were found to vary between 50 and 
SfI% and were lower (50-70%) for the l-ml eluates used in the KPLC assay. 
The unnatural catecholamine 3,4&hydroxybenzylamine could be used with 
the HPLC assay - it e1ute.s between epinephrine and dopamine - as an internal 
stgndard to avoid the necessity for rtzcovery measurements, but the large 
variation in catecholamine levels between samples would require adjustment of 
the amount of internal standard for each sample. 

The HPLC assay for catecholamines uses the intrinsic fluorescence of 
catechols upon excitation at 200 run_ In the mobile phases used for chromato- 
graphy, catecholamines absorb maximally at 200, 220 and 280 nm 
(uncorrected) and serotonin at 205, 220, 275 and 295 nm. It was found 
experimentally that the signal-to-noise ratio for fluorescence detection was 
optimum at an excitation wavelength of 200 nm. This method is sensitive to 
100 pg of norepinephrine and 300 pg of dopamine (Fig. I), but relatively 
unspecific since the same conditions are used to detect serotonin. Specificity 
is achieved with the combination of adsorptiop onto alumina and reversed- 
phase HpLC_ The chromatographic system is stable, highly reproducible and 
linear to at least 20 ng (the response is offscale for 60 ng of norepinephrine). 
Calibration is by the injection of known standards, since no difference is found 
between internal and external standards. The coefficient of variation of the 
absohzte flu*orescence response to the injection of 2 ng of catecholamine is less 

(a) 

Fig. 1. Chromatograms of (a) 2 ng of norepinephsine (A), epinephrke (3) and dopamine 
(C) and (b) 100 ~1 of the ehmte from a control hypothalamus weighing 40 mg. 



than 10% for any one assay or for all assays over 9 two-month period. This is 
comparable with pmcedums using ek&ochemicaI detection Ill, 121 or 
fluorescence after o-phfbabzldehyde derSva&isation 1133. For coqxdson, 
samples were ssayed by radioenzym&ic method using c&echo1 O-methyl 
tmnsferase. The procaiure combines the methad of Peuk and Johnson [I41 
and DaPrada and ZXrcher [15] for the differential assay of catech&mmes_ 
The inhibitory effects on the enzyme of al uminium ions [S, 91 in the ehrates 
are effectiwely overcome by dilution of the eluates so tbst an external standard 
curve may be used. However, since-only 25 pl of the 5 ml of &u&e am tzsSay&, 
the basic sensitivity of the assay, l-2 pg for norepinephrine and 4-8 pg for 
dopamine, corresponds to 206-400 pg for norepinephrine and 800-1600 pg 
dopamine per ekxte. 

The results of the comperison are shown in Fig. 2, The slopes of the regres- 
sion lines are 0.961 for norepinephrine and 0.954 for dopamine or a difference 
of only 4%. Wb.Se similar results can be obtained with either method, the speed 
and simplicity of the HPLC method make it preferable. 

EIPLC with electrochemical detection has been used to assay akmina eluates 
[10-12, 161 and can sometimes offer an absol&e sensitivity comparable 
with the radioenzymatic assay [lo, 12]_ However, electrode life is often 
limited and sensitivity variable [lo], while we find that fluorescence detection 
is very stable without any special precautions. Sass and Blank 117, 181 have 
used electrochemical detection to assay butanol extracts of tissue homogenates, 
but not only are recoveries low and different for internal and external 
standards, but the chromatographic system must resolve catecholamines, 
serotonin and metabolites such as the metanephrines, which are also extracted- 
This Ieads to long chromatography times, which are avoided in our procedure 
by assaying catecholamincs and serotomn independently. An HPLC assay for 
urinary catecholamines after Annina adsorption uses o-phthskldehyde 
derivatisation and fluorescence detection 1131, but only offers a two-fold 

0 025 05 O-15 I-O ras l-5 1-E 
NtlREP61IEPHRINE Crc/o, Hf’Ul COPAMINE ~&.kQ’Lc) 

Fig_ 2. Comparison between theradioenzymatic and Hl?LCassays forc&echolamines. 
Samples were dihte duatesoftheradioenzymati~~y.Slopesof~e regresionIi?lesare 
9.961 for wrepinepbine and 0.964 for dopamine.Corrdationcoe~~~n~are0.993 and 
O.986,res_pe&iveIy. 
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imxease in sensitivity compared with our procedure which invoks no 
derivatisatioa 

The extra&on procedure for serotonin is taken directly from the method of 
Shehenberger and Gordon [El. The high intrinsic fluorescence of serotonin 
wh& excited at .low wavekngtbs permits the use of small samples. Some 
specifici* is also achieved by the fact that another HPLC-fhxorescence assay 
has shown the relative fluorescence of serotonin to be at feast 40 times greater 
than that of its common precursors and metabohtes ]19]. The mild extraction 
procedure nImim&s interferences while giving recoveries of about 80%. No 
difference was found between internal and external stendards. The calibration 
graph is linear within the range O-100 ng. The reagent blank shown in Fig. 3 
indicates the possibility of using much smaller sampks, particuh@y since only 
10%.of the final extract is actually assayed, corresponding to about 15 mg of 
tissue. 

I I I I I I 

02468h3 
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Fig. 3_ TsTpical cbromatograms for serotonin (a) Reagent blank. The peak ehting at 8 min 
originates with the reagents and is present in all chromatograms. (b) Tissue sample con- 

taining serotonin which elutes at 3.2 min. The peak corresponds to approximately 3 ng of 
serotonin injected. 

A direct comparison between the HPLC assay and the fluorimetric ninhydrin 
derivative assay ES] gave an excellent correlation (r = 0.999). The regression 
line was not significantly different from the line of identity. 

Alternative serotonin assays have invokzd derivatisation with o-phthal- 
aldehyde ]20] which is sensitive to about 5 ng. The ninhydrin assay is only 
sensitive to 30 ng but is more reliable [S] . A double enzymatic procedure has 
been described, but is time consuming and only sensitive to 1 ng [Zl]. The 
enzymes are m&able and must be prepared frequently. Radioimmunoassay has 
been found to be sensitive to 100 pg, but cross-reacts with fi-methoxytrypt- 
amine ]22]_ The antibody is also unstabl& and requires careful calibration. Our 
procedure invoks no derivatisation, is extremely stable and can detect 20 G 
of serotonin routinely. 

In summary, the procedure we have described offers the advantage of simple 
extraction methods, rapid sensitive chromatography without derivatisation and 
the ability to assay catecholamines or serotonin independently if required. 
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