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SUMMARY 

This study provides the first report of a sensitive, simple and rapid high-performance liquid chro- 
matographic (HPLC) assay for the simultaneous analysis of isoprenaline and its metabolite, 3-0- 
methylisoprenaline, in samples of physiological salt solutions. The assay does not require time-con- 
suming sample clean-up or extraction procedures and uses a Nova-Pak C,, column, an isocratic mo- 
bile phase and an amperometric detector. In addition, small modifications to the composition of the 
mobile phase have also provided sensitive assays for noradrenaline and adrenaline and their O-meth- 
ylated or 0-methylated deaminated metabolites (normetanephrine, metanephrine, 3-methoxy-4-hy- 
droxyphenylethylene glycol and 3-methoxy-4-hydroxymandelic acid) These HPLC assays are suf- 
ficiently sensitive and rapid to replace the use of [3H]amines and column chromatographic separation 
of the metabolites for most in vitro studies on the uptake and subsequent metabolism of catechol- 
amines by monoamine oxidase and/or catechol-O-methyltransferase in tissues. 

INTRODUCTION 

Noradrenaline, adrenaline and isoprenaline are the most commonly used sub- 
strates for studies on the uptake and metabolism of catecholamines in tissues in 
vitro. Extraneuronal uptake and subsequent 0-methylation of catecholamines in 
tissues have been studied with isoprenaline as the substrate amine, e.g. in vas- 
cular [l-4] and non-vascular [5-71 smooth muscle and in the myocardium [8- 
lo], and noradrenaline and adrenaline have also been used in studies on the myo- 
cardium [ 11-131 and vascular smooth muscle [ 141. Most of these studies have 
used tritiated amines and this has involved the separation of the parent amine 
from the metabolites by column chromatography followed by liquid scintillation 
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counting of each fraction. One disadvantage of using radiolabelled amines is that 
[3H]adrenaline and [ 3H]isoprenaline are not available commercially as a suit- 
able form of the ( - )-isomer, for which extraneuronal uptake is stereoselective 
[ 13,15,16]. Unlabelled amines, in the appropriate isomeric form, can be used if 
fluorescence microphotometry is used to measure the amine uptake in situ in 
tissues [ 5,15,17], but this technique cannot be used for studies on the metabolism 
of the amines, because the metabolites do not form formaldehyde-induced fluo- 
rophores [ 5,181. 

High-performance liquid chromatography (HPLC ) with electrochemical de- 
tection (ED ) offers the advantages that the unlabelled amine in the desired iso- 
merit form can be used and the parent amine and its metabolites can be separated 
and measured. The only report in the literature of an HPLC assay for isoprena- 
line and its metabolite, 3-0-methylisoprenaline (OMI), involves time-consum- 
ing separation of these two compounds prior to injecting them onto the HPLC 
column [ 191. HPLC assays for noradrenaline and adrenaline have analyzed only 
one or two of the metabolites (e.g. ref 20)) have involved a time-consuming sep- 
aration of the metabolites [ 211 or have required the use of either a flow gradient 
[22] or a solvent gradient and a change of electrode potential [23] during the 
assay. The aim of the present study was to develop an HPLC assay for isopren- 
aline, adrenaline and noradrenaline and their 0-methylated metabolites in phys- 
iological salt solutions, using an isocratic mobile phase and minimal preparation 
prior to injection of the sample onto the column. 

EXPERIMENTAL 

Apparatus 
The HPLC apparatus consisted of a Waters Assoc. (Millipore, Newstead, Bris- 

bane, Australia) Model 510 pump and solvent delivery system, a Waters U6K 
universal injector, a Cl8 or CN (see Results) Guard-Pak precolumn module (Mil- 
lipore) and a Nova-Pak C,, stainless-steel column (15 cm x 3.9 mm I.D. with 5- 
pm bonded packing; Millipore). A Waters Assoc. Model 410 amperometric elec- 
trochemical detector with a glassy carbon working electrode and Ag/AgCl refer- 
ence electrode were used. The working electrode potential was varied during the 
experiments (see Results). Peak heights, recorded on a BBC SE120 chart re- 
corder (Millipore), were used to quantify the results. 

Mobile phase 
The mobile phase developed for the assay of the different amines and their 

metabolites (see Results) were all based on a 70 mM Na2HP04 solution prepared 
in triple distilled water. The final solution was adjusted to pH 3.6 with 8.7 M 
phosphoric acid and was filtred through a Millipore FH 0.5-pm filter under vac- 
uum and then degassed under vacuum in a sonicator for 4 min. The mobile phase 
was filtered and degassed each morning and was recirculated through the HPLC 
system for one week. An optimal flow-rate was established for each assay (see 
Results) and when the HPLC was not in use for an assay the mobile phase was 
recirculated at 0.1 ml/min. Recirculation of the mobile phase markedly improves 
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the stability of the electrochemical detector and it also allows replacement of 
silica stripped from the column packing by the ionpairing agent, sodium hepta- 
nesulphonate (HSA) [ 241. 

Physiological salt solutions 
Experiments were carried out to test the stability of the amines and their me- 

tabolites under the conditions that would occur in experiments with tissues. The 
physiological salt solutions used were Krebs solution containing 118 mA4 NaCl, 
4.7 mA4 KCl, 2.5 n&f CaC&-2H20, 1.2 n&f KH2P04, 1.2 n&f MgSO*- 7Hz0, 11.7 
mM glucose and 0.04 mM Na,EDTA, and Tyrode solution containing 137.3 mn/r 
NaCl, 2.3 mMKC1,1.3 mMCaC1,*2H,O, 0.4 mMKH,PO,, 1.05 m.J4MgClz-6H20, 
11.9 mM NaHC03, 5.0 mit4 glucose and 0.04 mM Na2EDTA. The solutions were 
aerated with oxygen-carbon dioxide (95 : 5) and incubated at 37 o C for specified 
times after addition of the amines and/or their metabolites where indicated (see 
Results). For HPLC analysis of samples in physiological salt solutions, samples 
(1 ml) were taken, and 100 ~1 of ice-cold 5 A4 acetic acid and 10 ~1 of 0.27 M 
Na,EDTA were added immediately. The samples were then stirred and immedi- 
ately frozen until they were required for injection onto the HPLC column. 

In experiments on 0-methylation of isoprenaline in guinea pig trachea, seg- 
ments of trachea were incubated in 2 ml of 0.1 or 1 ,uM ( k ) - [3H]isoprenaline in 
Krebs solution aerated with oxygen-carbon dioxide (95 : 5) at 37°C for 40 min. 
The OMI in the incubation solution at the end of the period of incubation with 
isoprenaline was analyzed both by HPLC (see above) and by column chromato- 
graphy and liquid scintillation counting as described by Bryan et al. [ 171. 

Standards 
External standards were prepared in triplicate with a range of concentrations 

of each of the compounds in the particular HPLC assay. The standards were 
prepared just prior to commencement of the assay in the same solvent as the 
samples for analysis and were treated as for the samples, e.g. addition of acetic 
acid and EDTA. The standards were injected onto the column several times at 
the beginning of the assay and once after every three samples during the assay 
(i.e. every 30-45 min depending on the analysis time per sample). The intra- 
assay coefficients of variation of the ED current responses for the standards of 
each of the compounds were 1.5-4s. These low values indicated that loop column 
losses were consistent from sample to sample and there was no marked change 
in ED sensitivity during the assay period of a working day. 

Drugs and solutions 
The drugs used in the study were: ( - )-adrenaline bitartrate (Sigma, St. Louis, 

MO, U.S.A.); ( It )-3,4_dihydroxymandelic acid (DOMA; Sigma); ( i )-3,4-di- 
hydroxyphenylethylene glycol (DOPEG, Sigma); ( 2 )-isoprenaline sulphate 
(Sigma); ( +- ) - [ 7-3H]isoprenaline (Amersham International, Amersham, U.K., 
500 MBq/pmol, purified over alumina before use and diluted with unlabelled 
( -t )-isoprenaline to the desired final specific activity); ( + )-metanephrine hy- 
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drochloride (Calbiochem-Behring, La Jolla, CA, U.S.A.); 3-methoxy-4-hydroxy- 
mandelic acid (VMA; Sigma); 3-methoxy-4-hydroxyphenylethyleneglycnl (MO- 
PEG; Sigma); 3-0-methylisoprenaline hydrochloride (OMI-HCl; Boehringer- 
Ingelheim, Ingelheim, F.R.G. ); ( - ) - noradrenaline bitartrate (Sigma); ( 2 ) - 
normetanephrine hydrochloride (Sigma). 

Drug stock solutions (10 mM) were prepared in 10 mM hydrochloric acid and 
were also diluted with 10 mM hydrochloric acid unless otherwise indicated (e.g. 
when Krebs or Tyrode solutions were used, see Results ) . 

RESULTS 

HPLC analysis of isoprenaline and OMI 
The composition of the mobile phase that gave the best separation of isopren- 

aline and OMI both from the solvent front and from each other was: 70 mM 
Na,HPO,, 5 mM sodium HSA, 0.1 n-&f Na*EDTA and 9% (v/v) acetonitrile, 
adjusted to pH 3.6, at a flow-rate of 1.0 ml/min. The retention times of isopren- 
aline and OMI under these conditions were 4.2 and 8.0 min, respectively. Over a 
period of two years, the retention times varied by + 0.2 min from these values, 
but they were very consistent on a particular day because the column was insu- 
lated from temperature fluctuations by polystyrene foam. For specific applica- 
tions (e.g. if there was a broad solvent peak interfering with the isoprenaline 
peak ), it would be possible to increase the retention times by decreasing the ace- 
tonitrile content of the mobile phase. 

The hydrodynamic voltammogram (HDV) for isoprenaline reached a maxi- 
mum at a working electrode potential of 0.825 V versus Ag/AgCl and that for 
OMI increased only slightly when the electrode potential was increased from 0.825 
to 0.850 V (Fig. 1) . The background noise also increased at the higher electrode 
potentials, so 0.825 V was selected for all subsequent analyses of isoprenaline and 
OMI. 

The relationship between ED current response and amounts of amine injected 
onto the column was linear for isoprenaline (0.1-240 pmol) and for OMI (0.5 
240 pm01 ) . The equations of the regression lines were 
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Fig. 1. Hydrodynamic voltammograms for lsoprenaline (ISO) and 3-0-methylisoprenaline (OMI). 
Injections of 5 pmol of each compound were made. A Cl8 guard column was used. See Results for 
details of mobile phase composition, etc. 
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Fig. 2. Chromatograms of mixtures of 5 pmol (a and b) or 1 pmol (c) of each of isoprenaline (ISO) 
and 3-0-methylisoprenahne (OMI), prepared in Krebs solution and with acetic acid and Na2EDTA 
present to stabilize the amines (see Experimental). The sample in (b) was taken from a solution that 
had been aerated with oxygen-carbon dioxide (95 5) and incubated at 37°C for 60 min, prior to 
addition of the acetic acid and Na2EDTA. A CN guard column was used. See Results for details of 
mobile phase composition, etc. 

y= (0.366+0.004)x+ (0.006+0.007), rz0.9991, n=21 for isoprenaline and 
y= (0.09O~O.OOl)x+ (0.013?0.003), rz0.9992, n=9 for OMI. Hence, the re- 
sponse for isoprenaline was 0.366 nA/pmol and for OMI was 0.090 nA/pmol, 
when a Cl8 Guard-Pak was in use. However, when the Guard-Pak was changed 
to a CN column, the response for OMI increased to 0.25 nA/pmol (Fig. 2) and 
the background noise decreased, but there was no change in the response for 
isoprenaline. A CN guard column was used for all subsequent analyses and under 
these conditions the limit of detection at a signal-to-noise ratio of 2.0 was 0.1 
pmol for isoprenaline and 0.2 pmol for OMI. The intra-assay coefficients of vari- 
ation were 5.7-7.1% for 0.1-0.5 pmol isoprenaline, l.O-4.1% for 1.0-240 pmol 
isoprenaline and LO-4.3% for 0.5-240 pmol OMI (n=4-6 for each amount of 
isoprenaline or OMI). The inter-assay coefficients of variation were 9.9% (rz = 9) 
and 7.0% (n= 8)) respectively, for 0.5 and 5.0 pmol isoprenaline and 5.6% (n = 8) 
and 5.1% (n=8), respectively, for 0.5 and 5.0 pmol OMI. 

Application of HPLC analysis of isoprenaline and OMI to samples in physiological 
salt solutions 

It was necessary to omit ascorbic acid from the physiological salt solutions for 
HPLC analysis of the amines to avoid a very large increase in ED current which 
lasted several hours at the concentration of 0.57 M that is routinely included in 
the salt solutions when other methods of sample analysis are used. EDTA was 
still present to prevent decomposition of the amines and their metabolites in the 
physiological salt solutions. 

Samples of isoprenaline and OMI in either Krebs solution (Fig. 2a and c) or 
Tyrode solution gave the same retention times and ED current responses as did 
samples in 10 mA4 hydrochloric acid. There was still good separation of the iso- 
prenaline and OMI from the solvent peak. The intra-assay coefficients of varia- 
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tion were 5.3 and 2.4%, respectively, for 0.5 and 5.0 pmol isoprenaline and 4.3 
and 2.8%, respectively, for 0.5 and 5.0 pmol OMI in Krebs solution and corre- 
sponding values for samples in Tyrode solution were 2.8 and 1.9% and 4.7 and 
l.O%, respectively (n=5-7). The inter-assay coefficients of variation were 6.6 
and 5.7%, respectively, for 0.5 and 5.0 pmol isoprenaline and 4.5 and 5.3%, re- 
spectively, for 0.5 and 5.0 pmol OMI in Krebs solution and corresponding values 
for samples in Tyrode solution were 4.2 and 3.1% and 7.8 and 4.5%, respectively 
(n=8-9). 

In order to simulate conditions in incubation experiments in which tissues are 
incubated in isoprenaline, samples of isoprenaline and OMI in Krebs solution 
(Fig. 2b) or in Tyrode solution were aerated with oxygen-carbon dioxide (95: 5) 
and incubated at 37°C for 60 min. Ice-cold EDTA and acetic acid were immedi- 
ately added to samples of the solution at the end of the incubation period (see 
Experimental). Samples were analyzed either on the same day or after three days’ 
storage in the freezer at -20°C to determine whether isoprenaline and OMI 
samples were sufficiently stable to allow storage of the samples for several days 
after an experiment. After incubation and analysis on the same day, OMI at con- 
centrations of 0.01-l pM was stable. There was no loss of isoprenaline at a con- 
centration of 1 m, but a loss of up to 26% at concentrations of 0.1 and 0.01 ,Unn 
isoprenaline. Storage of the samples in the freezer at -20°C for three days re- 
sulted in no decomposition of OMI, but some additional loss of isoprenaline. In 
subsequent experiments, samples were routinely analyzed on the day of collection. 

The application of the HPLC analysis to experiments with tissues was further 
examined by measuring OMI in the incubation solution, after segments of guinea 
pig trachea were incubated in [3H]isoprenaline (see Experimental for details). 

TABLE I 

COMPARISON OF ASSAY OF OMI IN THE INCUBATION SOLUTION BY HPLC-ED AND 
LIQUID SCINTILLATION COUNTING OF 3H, AFTER EXPOSURE OF GUINEA PIG TRA- 
CHEAL SEGMENTS TO ISOPRENALINE 

Tracheal segments from guinea pigs were incubated in 2 ml of 0.1 JLM ( n = 2 ) or 1 @f (n = 3 ) ( + ) - 
[ 3H] isoprenaline at 37°C for 40 min. The OMI in samples of each mcubation solution were assayed 
by (a) HPLC (see Experimental for details), using 5- or 50-~1 injection volumes or (b) separation 
of isoprenaline and OMI by column chromatography and liquid scmtillation counting of 3H in the 
separated fractions [ 171. The assays of OMI in the samples were then calculated as OMI production 
by the tissues in pmol/g. The relative standard deviations for the results obtained with these two 
methods were 3.2% at 0.1 PM isoprenaline and 6.9% at 1 pM isoprenaline. 

Isoprenaline 
concentration 

(+W 

OMI production (pmol/g) 

HPLC-ED 3H 

0.1 134 131 
0.1 129 124 
1.0 1312 1122 
1.0 929 846 
1.0 1081 947 
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The results (Table I) show that there was very close correlation (r= 0.992, n= 5 ) 
between the OMI in the samples measured using the HPLC assay and that using 
column chromatography and liquid scintillation counting, and the relative stan- 
dard deviations for the results obtained with the two methods were low (Table 
I). 

HPLC analysis of noradrenaline and adrenaline and metabolites 
The composition of the the mobile phase that gave the best separation of the 

0-methylated metabolites of noradrenaline and adrenaline (Fig. 3) was: 70 mM 
Na2HP04, 1 mM sodium HSA and 0.1 mA4 Na,EDTA, adjusted to pH 3.6, at a 
flow-rate of 0.7 ml/min. The retention times of the 0-methylated metabolites 
under these conditions were 3.6 min (VMA), 5.0 min (MOPEG), 7.2 min (nor- 
metanephrine) and 15.0 min (metanephrine). The concentration of the ion-pair- 
ing agent, HSA, was critical in that lower concentrations resulted in overlap of 
the peaks for MOPEG (unaffected by HSA) and normetanephrine (retention 
time increased by HSA). On the other hand, higher concentrations of HSA in- 
creased the assay time by increasing the retention time of metanephrine. 

The HDV was at a maximum for normetanephrine, metanephrine and MO- 
PEG over the range of working electrode potentials tested (0.775-0.850 V versus 
Ag/AgCl) , but required a potential of 0.825 V versus Ag/AgCl to reach a maxi- 
mum for VMA (Fig. 4). Hence, a potential of 0.825 V versus Ag/AgCl was se- 
lected for subsequent analyses of these 0-methylated metabolites. Under these 
conditions, the ED current responses were 0.60 nA/pmol for VMA, 0.43 nA/pmol 
for normetanephrine, 0.22 nA/pmol for metanephrine and 0.15 nA/pmol for 
MOPEG. The limits of detection, defined as the amount of compound that gives 

I I 

0 8 16 
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Fig. 3. Chromatogram of mixtures of 5 pmol of each of 3-methoxy-4-hydroxymandelic acid (VMA) , 

3-methoxy-4-hydroxyphenylethylene glycol (MOPEG), normetanephrine (NMN) and meta- 
nephrine (MN), prepared in 0.01 M hydrochloric acid A CN guard column was used. See Results for 
details of mobile phase composition, etc. 
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Fig. 4. Hydrodynamic voltammograms for 3-hydroxy-4-methoxymandelic acid (VMA), normeta- 
nephrine (NMN), metanephrine (MN) and 3-methoxy-4-hydroxyphenylethylene glycol 

(MOPEG) . Injections of 5 pmol of each compound were made. A CN guard column was used. See 
Results for details of mobile phase composition, etc. 

a signal-to-noise ratio of 2.0, were 0.1 pmol for VMA and normetanephrine, 0.2 
pmol for metanephrine and 0.3 pmol for MOPEG. The intra-assay coefficients 
of variation were 3.8,1.4,1.3 and 2.5% for VMA, normetanephrine, metanephrine 
and MOPEG, respectively (n=4), and the inter-assay coefficients of variation 
were 5.2,3.0,4.1 and 5.0%, respectively, for the corresponding metabolites (n=6). 

HPLC analysis of the parent amines, noradrenaline and adrenaline, could be 
readily achieved with a mobile phase of the composition used to analyze isopren- 
aline and OMI provided that the acetonitrile content was reduced. The compo- 
sition of the mobile phase was 70 mM Na2HP04, 5 mA4 sodium HSA, 0.1 mM 
Na,EDTA and 2% (v/v) acetonitrile, adjusted to pH 3.6, at a flow-rate of 1.0 ml/ 
min and an ED potential of 0.825 V versus Ag/AgCl. Under these conditions the 
retention times and ED current responses, respectively, were 3.2 min and 0.374 
nA/pmol for noradrenaline and 5.0 min and 0.300 nA/pmol for adrenaline. The 
intra-assay coefficients of variation were 2.8 and 5.2% for noradrenaline and ad- 
renaline, respectively (n=4), and the inter-assay coefficients of variation were 
4.0 and 6.5%, respectively, for the corresponding amines (n = 6 ). 

The analysis of the deaminated metabolites, DOMA and DOPEG, proved to 
be impossible with the Nova-Pak C,, column. Various changes in the mobile phase, 
e.g. changes in pH, flow-rate and the concentrations of acetonitrile, sodium HSA 
and Na,HP04, all failed to separate DOMA and DOPEG from the solvent front. 

DISCUSSION 

The principal aim of this study was to develop an HPLC assay for isoprenaline 
and OMI in samples of physiological salt solutions for application to studies on 
extraneuronal uptake and 0-methylation of catecholamines. [ 3H] Amines are re- 
quired for in vivo studies on clearance and turnover of catecholamines. However, 
for in vitro studies in tissues, an HPLC assay for isoprenaline and OMI would 
allow isoprenaline stereoisomers (not available in labelled form) to be used and 
the possibility of an isotope effect of labelled amines [ 251 would not have to be 
considered. 
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Previous HPLC assays reported for OMI have involved extraction of OMI either 
from samples of physiological salt solutions [ 191 or from urine and plasma sam- 
ples [26] prior to injection onto the column. The HPLC assay developed in this 
study for samples in physiological salt solutions involves no preliminary extrac- 
tion of isoprenaline and OMI and hence uses the chromatographic properties of 
the column to separate the amine and its metabolite. Samples can be injected at 
lo-min intervals, so that samples can be rapidly analyzed on the day they are 
collected. The electrode potential that was selected as optimal for the assay (0.825 
V versus Ag/AgCl) was very close to the potential of 0.80 V versus Ag/AgCl used 
in previous assays for OMI [ 19,261. The assay is very sensitive with ED current 
responses about 6.5 times greater for isoprenaline and 4.7 times greater for OMI 
than those of Barone et al. [ 191. The lower sensitivity of the latter assay [ 191 is 
partly due to losses during extraction of isoprenaline and OMI, but additional 
factors must be involved, such as lower sensitivity of the electrochemical detector, 
lower efficiency of the column, etc. It may be possible (i) to further improve the 
sensitivity of the HPLC assay by the use of microbore (1.2 mm I.D.) columns 
[ 27,281 and (ii ) to avoid loss of sensitivity by surface passivation of the working 
electrode over a period of several months by use of the recently introduced E.C. 
Monitor tubular electrode [ 291. Sulphate conjugates of isoprenaline and OMI in 
tissues could also be assayed in tissues by HPLC assay of samples before and 
after acid hydrolysis to release the unconjugated amines [ 301. 

The analysis by HPLC of the metabolites of noradrenaline or adrenaline is a 
much more complex problem than that of isoprenaline and OMI. It is almost 
impossible to devise one HPLC assay using an isocratic mobile phase for the five 
metabolites and the parent amine, because of the presence of bases, acids and 
neutral metabolites of very different polarities. Hence, most reported HPLC as- 
says have measured only one or two of the metabolites of noradrenaline or adren- 
aline, e.g. DOMA and DOPEG [20], normetanephrine [ 31,321, metanephrine 
[33], MOPEG [33-351 or VMA [36]. 

An assay has been reported [ 211 for noradrenaline and its five metabolites by 
an initial alumina separation into the catechol fraction (noradrenaline, DOPEG 
and DOMA) and the non-catechol fraction (normetanephrine, MOPEG and 
VMA) and HPLC analysis of each of these two fractions. However, the ED cur- 
rent responses were very low for all of the compounds (0.045-0.1 nA/pmol) [ 211. 
In the present study, an assay using an isocratic mobile phase was developed for 
the non-catechol metabolites (normetanephrine, metanephrine, MOPEG and 
VMA), with ED current responses two- to ten-fold greater than those reported 
by Oishi et al. [ 211. The increased sensitivity in the present study was partly due 
to the lack of a complex extraction procedure, but also must be due to higher ED 
sensitivity, higher column efficiency, etc. The catecholamines, noradrenaline and 
adrenaline, could be assayed using a different mobile phase, but it was not pos- 
sible with the Nova-Pak C1s column to find a system that would also separate 
DOPEG and DOMA from the solvent front. Possible solutions for the develop- 
ment of a suitable assay for these metabolites would be to use a column with 
greater retention properties or to develop a sample derivatisation procedure. 

In conclusion, a very sensitive, simple and rapid HPLC-ED assay has been 
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developed for the simultaneous analysis of isoprenaline and OMI in samples of 
physiological salt solutions, with no prior sample clean-up or extraction proce- 
dures and with an isocratic mobile phase. In addition, small modifications to the 
composition of the mobile phase have also provided sensitive assays for nor- 
adrenaline and adrenaline and their 0-methylated metabolites (normeta- 
nephrine, metanephrine, MOPEG and VMA), but more significant changes to 
the HPLC system are required to analyze DOPEG and DOMA. 
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