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ESTIMATION OF CATECHOLAMINES IN HUMAN PLASMA BY ION
EXCHANGE CHROMATOGRAPHY COUPLED WITH FLUORIMETRY

MASAYASU HAMAJI

First Department of Surgery, Osaka University Medical School, I-I, Fukushima, Fukushima
ku, Osaka 553 (Japan)

and

TOKUICHIRO SEKI*

College of Bio-Medical Technology and Nursing, Osaka University, I-I, Machikaneyama-cho,
Toyonaka, Osaka 560 (Japan)

(Received February 2nd, 1979)

SUMMARY

Estimation of catecholamines in human plasma was made by ion-exchange chromato
graphy coupled with fluorimetry.

Catecholamines in deproteinized plasma were adsorbed onto Amberlite CG-50 (pH 6.5.
buffered with 0.4 M phosphate buffer) and selectively eluted by 0.66 M boric acid. The
catecholamine fraction was separated further on a column of Amberlite IRC-50 which was
coupled with a device for the automated performance of the trihydroxyindole method
(epinephrine and norepinephrine) or the 4-aminobenzoic acid--oxidation method
(dopamine). One sample could be analysed within 25 min with either method. The lower
detection limits were 0.02 ng for epinephrine and dopamine, and 0.04 ng for
norepinephrine.

Plasma catecholamine contents of healthy adults at rest were epinephrine 0.07 ± 0.01
ng/ml (n = 19), norepinephrine 0.27 ± 0.03 ng/ml (n = 19) and dopamine 0.22 ± 0.03 ng/ml
(n = 26).

The procedure of adsorption and elution of the plasma catecholamines by ion-exchange
resin was simple, the simplicity contributing to constant recovery. The catecholamine
fraction could be analysed without evaporation of the eluate. The analytical column could
be used for the analysis of more than 1000 samples before excessive back-pressure
developed. Our method of continuous measurement of plasma catecholamine fulfils clinical
requirements.

*To whom correspondence should be addressed.
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INTRODUCTION

Estimation of catecholamines has been performed by, among others, the tri
hydroxyindole (THI) method [1-3] and the ethylenediamine condensation
method [4]. Recently, several improved methods have been established: high
performance liquid chromatography coupled with fluorimetric detection
[5-8] or coupled with electrochemical detection [9], high-performance liquid
chromatography of fluorescent derivatives of catecholamines [10], gas--liquid
chromatography with electron-capture detection [11], gas chromatography
mass spectrometry [12] and radioenzymatic methods [13-18]. These
methods enable picogram amounts of catecholamines to be estimated.

With the exception of some of the radioenzymatic methods [15, 18],
catecholamines of biological extracts have to be preseparated by adsorption
onto an alumina [19], borate gel [20], or cation-exchange column [21-24].
Furthermore, the catecholamine fraction has to be evaporated and dissolved
in a small volume for high-performance liquid chromatography or converted
into volatile derivatives for gas-liquid chromatography.

However, it has been reported that catecholamines can be eluted from a
column of Amberlite IRC-50, buffered at pH 6.0-6.5, by an aqueous solution
of boric acid [25-28]. One of the authors reported that the eluates obtained
from Amberlite CG-50 can be separated on a column of Amberlite IRC-50
using a borate-containing buffer as eluant simply by pH adjustment [29].
This method was used for the analysis of urinary catecholamines in
combination with a modified ethylenediamine condensation method [30], but
it was not sensitive enough for the estimation of catecholamines in plasma. In
the present work, an automated TID method [31] and 4-aminobenzoic acid
hexacyanoferrate(III) [4-aminobenzoic acid (PABA)-oxidation] method [32]
was used for the fluorimetric detection of catecholamines in eluates of
Amberlite IRC-50 columns.

EXPERIMENTAL

Reagents
Epinephrine bitartrate, norepinephrine bitartrate and dopamine hydro

chloride were purchased from Sigma Chemical Company (St. Louis, Mo.,
U.S.A.). 3-Mercaptopropionic acid was obtained from Aldrich Chemical Com
pany (Milwaukee, Wis., U.S.A.). 4-Aminobenzoic acid and other chemicals were
of reagent grade and obtained from Yashima Pharmaceutical Co. (Osaka,
Japan). Stock solutions of catecholamines were prepared in 0.01 N HCl.

Equipment
A constant-flow pump (Jasco, Model TRI ROTAR) was used to pump buffer

through the chromatographic columns. Peristaltic pumps (Atto Corporation,
Models SJ-1211 H and L) were used to pump air and reagents into a gas
segmented flow reaction detector. A spectrofluorimeter (Jasco, FP-550)
equipped with a flow-cell (square cross-section, inner width 4 mm) was used to
measure fluorescence. Samples were injected by motor-driven injector (Kyowa
Seimitsu, KUH-6000).







331

Preparation of Amberlite CO-50 columns
Amberlite CG-50 (type 2) was graded according to size to obtain particles

of 90-120 pm. The resin was buffered as described previously [33]. The
buffered resin was poured into a tube of 4 mm J.D. with 0.4 M phosphate
buffer (pH 6.5) and allowed to settle under gravity to a height of 12 cm. The
column was closed with a glass-wool plug at the bottom; it had a 10-ml
reservoir on the top.

Preparation of the Amberlite IRC-50 column
Amberlite IRC-50 (45-60 pm, Na +) was prepared and washed as described

previously [33]. A suspension of the washed resin was equilibrated at pH 6.3
with a succinic acid solution (0.02 M). Then it was washed with eluant A
(Table I) and poured into two serially connected chromatographic tubes. The
tubes were fitted with column adjusters and then the same eluant was pumped
through the columns at a flow-rate of 0.8 ml/min for several hours at 42° . The
total height of the resin was 25 cm (10 cm in the shorter column and 15 cm in
the longer column). Column B, for the separation of dopamine, was packed in
the same way using eluant B (Table I). The resin height was 11 cm.

For the preparation of the eluants see Tables I and II.

Preparation of the catecholamine fraction from human plasma
Heparinized blood was drained into chilled tubes containing 5 mM reduced

glutathione and centrifuged immediately at 4° at 1500 g for 15 min. The
plasma was stored at '-20°. Frozen plasma (1.0-2.0 ml) was mixed with 1.0 ml
of 1 N HCI and thawed. Then it was deproteinized by addition of 1.0 ml of
2.0 M perchloric acid and centrifuged at 1500 g for 15 min. The supernatant

TABLE I

COMPOSITION OF THE ELUANTS

Eluant pH* Solutions to be mixed**

A
B

6.4
6.3

1 and 2
3 and 4

*pH was measured at 20° with a pH meter manufactured by TOA Electrics (Tokyo, Japan)
using a Model OS-135 electrode.
**Succinate-boric acid-NaOH solutions listed in Table II.

TABLE II

COMPOSITION OF THE SOLUTIONS USED FOR THE PREPARATION OF THE
ELUANTS

Solution Composition (M)

Succinic Boric Disodium NaOH
acid acid EDTA

1 0.08 0.66 '0.002 0.3
2 0.08 0.66 0.002 0.1
3 0.12 0.35 0.002 0.3
4 0.12 0.35 0.002 0.2
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was transferred to a 20-ml beaker, and the protein precipitate was mixed with
2 ml of 0.6 M perchloric acid and centrifuged again. The supernatants were
combined, chilled on ice and then 0.5 ml of a solution of 5% (w/v) disodium
EDTA and 0.5% (w/v) ascorbic acid was added. The mixture was adjusted to
pH 6.2 with 1.0 M potassium carbonate. The supernatant was applied to the
Amberlite CG-50 column. The potassium perchlorate precipitate was mixed
with 2 ml of disodium EDTA solution (pH 6.2, 0.005 M) and chilled on ice for
several minutes. The washings were also added to the column.

The column was washed with 4 ml of deionized water and with 1.0 ml of
0.66 M boric acid; 2.0 ml of 0.66 M boric acid solution were used for the
elution of the catecholamines. The eluate was collected in a tube with 0.07 ml
of 1.0 N HCI which contained disodium EDTA (0.005 M) and sodium
dihydrogen phosphate (0.05 M). It was diluted with succinate buffer (0.08 M
succinic acid, 0.002 M disodium EDTA, pH 6.3) to 4.0 ml and stored in a
refrigerator until analysis ("sample solution").

Chromatographic separation of samples
One millilitre of the sample solution was applied to column A for the

detection of epinephrine and norepinephrine, and 1 ml to column B for the
detection of dopamine. Elution of each column was carried out with the
corresponding eluant at a flow-rate of 0.7 ml/min. When the back-pressure
exceeded 30 kg/cm2 (column A) or 5-10 kg/cm2 (column B), the columns
were repacked.

Fluorimetric determination
THI method. A gas-segmented flow reaction detector was assembled from

commercial parts (Technicon Instruments Co., Tokyo, Japan) and Pyrex coils,
as shown in Fig. 1. Pyrex coils were made by winding Pyrex tubes of 4 mm
O.D. The eluate from column A was segmented by air, mixed with 0.1% (w/v)
hexacyanoferrate(III) and heated at 42° (mixing coil: 15 turns). Finally, it
was mixed with a solution of 4 M sodium hydroxide and stabilizing agents: 2%
(w/v) 3-mercaptopropionic acid, 7.5% (w/v) sodium sulfite and 0.3% (w/v)

ml/min

0.50 (1)

0.70 (2)

0.16 (3)

0.23 (4)

0.14 (5)

0.19 (6)

Fig. 1. Schematic diagram of the gas-segmented flow reaction detector using the trihydroxy
indole method. Flow-lines: 1, air; 2, column eluate; 3, 0.1% (w/v) hexacyanoferrate(III);
4, 4 M sodium hydroxide; 5, stabilizing agents; 6, 6 M acetic acid. The pH of the waste was
5.2.
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ascorbic acid. After equilibration at 35° (mixing coil: 16 turns), 6 M acetic acid
was added to the stream and mixed (mixing coil: 8 turns) and debubbled.
Fluorescence was measured at 500 nm (excitation at 405 nm). The slit width
was 20 nm for excitation and 40 nm for emission.

PABA-oxidation method. We reported previously [32] that dopamine was
converted into fluorescent product(s) by oxidation with hexacyanoferrate(III)
in the presence of 4-aminobenzoic acid in an alkaline solution. Picogram
amounts of dopamine can be measured by this reaction. Thefluorimetric
detector was assembled as shown in Fig. 2. The eluate from column B was seg-

ml/min

0.42 (11

0.70 (2)

0.10 (3)

0.16 (4)

0.10 (5)
BO°C

Fig. 2. Schematic diagram of the gas-segmented flow reaction detector using the 4-amino
benzoic acid (PABA)-oxidation method. Flow-lines: 1, air; 2, column eluate; 3, 1% (w/v)
solution of 4-aminobenzoic acid in 0.1 M disodium hydrogen phosphate; 4, 0.8 M NaOH
0.1% (w/v) Brij-35; 5, 0.3% (w/v) hexacyanoferrate(III). The pH of the waste was 9.0.

mented by air and mixed with 1% (wjv) 4-aminobenzoic acid in 0.1 M
disodium hydrogen phosphate (mixing coil: 7 turns), 0.8 M sodium hydroxide
containing 0.1% (wjv) Brij-35 (mixing coil: 7 turns), 0.3% (wjv) hexacyano
ferrate(III) (mixing coil: 7 turns) and heated at 80° (heating coil: 30 turns).
The bubbles were removed from the stream and fluorescence was measured at
520 nm (excitation at 465 nm). The slit width was 20 nm for both excitation
and emission.

RESULTS AND DISCUSSION

Chromatographic separation
Pretreatment. Catecholamines in biological extracts were adsorbed onto a

weakly acidic ion-exchange resin and selectively eluted by a small volume of
boric acid with constant recovery in agreement with previous results [26]. The
addition of ascorbic acid and disodium EDTA prevented the oxidation of
catecholamines during the procedure. The catecholamines in the eluate were
stable below 10° for at least one week with less than 5% decomposition. It is
convenient that the catecholamine fraction can be directly applied to the
analytical column without evaporation.

Ion-exchange chromatography. As shown in Fig. 3, epinephrine and
norepinephrine could be separated within 40 min with eluant A using column
A.' Eluant A, containing a higher concentration of borate, was used in order to
accelerate the elution, but the peak of isoproterenol overlapped that of
epinephrine, and the separation of epinephrine from norepinephrine was not
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Fig. 3. Elution pattern and fluorimetric determination of epinephrine (E) and
norepinephrine (NE). A, Standard sample of epinephrine (0.5 ng) and norepinephrine (1.0
ng). B. Plasma sample.
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Fig. 4. Elution pattern and fluorimetric determination of dopamine (DA). A, Standard
sample of dopamine (1.0 ng). B, Plasma sample.

complete. In a sample containing ten times more norepinephrine than
epinephrine, the epinephrine peak was 5% higher than it was expected to be. In
a sample with an epinephrine/norepinephrine ratio of 10, the norepinephrine
peak was even 20% higher due to tailing. In these cases, repetition using an
eluant with lower boric acid concentration is advisable [29] .

We used a shorter chromatographic column (column B) to reduce analysis
time and to improve sensitivity for dopamine (Fig. 4). The analytical columns
(A or B) can be used for the separation of more than 1000 samples.

Fluorimetric determination
Epinephrine and norepinephrine were determined by the THI method and

dopamine by the PABA-oxidation method. An automated reaction system for
the THI method was assembled according to the description of Martin and
Harrison [31] with minor modifications. The reaction was complete within 8
min. Lowering the pH with acetic acid has a favorable effect on stability and
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sensitivity of fluorescence [8]. The elution pattern was quite reproducible.
Intra-assay variation was 1.6% for epinephrine (1 ng) and 1.5% for
norepinephrine (1 ng) (n = 6). Inter-assay variation was 1.5% (1 ng) and 3.7%
(0.3 ng) for epinephrine and 2.6% (1 ng) and 6.5% (0.3 ng) for norepinephrine
(n = 10). Intra-assay variation for plasma samples was 6.2% for epinephrine and
2.6% for norepinephrine (n = 6). Intra-assay variation for dopamine standard
(1 ng) was 1.2% (n = 7) and for plasma samples 2.1% (n = 7). During storage at
-200 for three months, the decrease of plasma catecholamine contents was less
than 10%.

A linear relationship between peak height and amount of the amines added
to the column was obtained over the range of 0.05--500 ng for epinephrine and
norepinephrine, and 0.05---100 ng for dopamine. One nanogram of epinephrine
and norepinephrine were detected at a signal-to-noise ratio of 100 and 50,
respectively. Thus, the lower detection limits were about 20 pg of epinephrine
and 40 pg of norepinephrine. One nanogram of dopamine was also detected at
a signal-to-noise ratio of 100; so 20 pg of dopamine could be detected. The
sensitivity was sufficient for the measurement of catecholamines in 1-2 ml of
human plasma.

Over-all recoveries for epinephrine, norepinephrine and dopamine added to
plasma are shown in Table III. These recoveries are superior to those obtained
by the alumina adsorption method [3, 19]. Probably our method has the
following advantages: (1) no troublesome handling of plasma samples; (2)
isolation of catecholamines by chromatography on Amberlite CG-50 is simple;
and (3) regeneration of Amberlite IRC-50 is not necessary. By continuous
measurement of fluorescence, samples could be injected every 25 min before
the emergence of epinephrine peak (column A) or dopamine peak (column B).

Normal values are shown in Table IV. Peripheral venous samples of healthy
adults at rest were obtained painlessly from an antecubital vein through an
indwelling catheter. The mean values of epinephrine (0.07 ± 0.01 ngjml) and
norepinephrine (0.27 ± 0.03 ngjml) were close to the values obtained by a
previous fluorimetric method [3] ,. radioenzymatic methods [13-18] or gas

TABLE III

RECOVERY OF CATECHOLAMINES ADDED TO PLASMA

Amount Recovery (%, mean ± S.E.)
added (ng)

Epinephrine
Norepinephrine
Dopamine

0.30
0.50
1.00

86.7 ± 3.5
95.4 ± 4.0
86.9 ± 1.5

TABLE IV

VALUES OF PLASMA CATECHOLAMINES OF HEALTHY INDIVIDUALS

Concentration (ng/ml)

mean ± S.E. Range

Epinephrine
Norepinephrine
Dopamine

0.07 ± 0.01
0.27 ± 0.03
0.22 ± 0.03

0.18-0.03
0.63-0.06
0.60-0.04
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chromatography-mass spectrometry [12]. However, the mean value of
dopamine (0.22 ± 0.03 ng/ml) was 2-5 times higher than the values obtained
by other methods [12, 14, 15]. Even higher than our values were those
reported by Pederson and Christensen [17]. Comparison with other fluori
metric estimations of plasma dopamine levels was not possible because no other
fluorimetric method was sufficiently sensitive for the measurement of plasma
dopamine.
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SUMMARY

Details are presented of an improved selected ion monitoring assay for the major biogenic
amine metabolites and probenecid in human lumbar cerebrospinal fluid (CSF). The
metabolites and probenecid are simultaneously extracted with ethyl acetate from an
acidified aqueous phase, and are simultaneously converted to pentafluoropropionyl esters by
reaction with pentafluoropropionic anhydride and pentafluoropropanol. The esters of the
metabolites are analyzed following a single injection of the derivatized sample onto the gas
chromatographic column, while the ester of probenecid is analyzed following a separate
injection onto the gas chromatographic column. Quantitation is achieved using for internal
standards deuterated analogues of the metabolites and a chemical analogue of probenecid.
Data are presented on the concentration of free and conjugated forms of the metabolites in
lumbar CSF taken from healthy volunteers.

INTRODUCTION

A primary goal of recent studies on affective disorders in humans has been
to compare the concentrations of neurotransmitters and neurotransmitter
metabolites in the body fluids of normal and affected subjects. In particular,
the concentrations of 5-hydroxyindole-3-acetic acid (5-HIAA), homovanillic
acid (HVA) , and 3-methoxy-4-hydroxyphenylethylene glycol (MHPG), the
major central nervous system metabolites of serotonin, dopamine, and
norepinephrine, respectively, have been measured in urine and lumbar
cerebrospinal fluid (CSF) in an attempt to describe the neurochemical
abnormalities which may occur during mania, depression, and schizophrenia
[1, 2]. In this report we describe details of an integrated selective ion
monitoring (SIM) method for measuring the concentrations of 5-HIAA, HVA,
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MHPG, 3,4-dihydroxyphenylacetic acid (DOPAC), and p-(di-n-propylsulfamyl)
benzoic acid (probenecid), in small volumes of human lumbar CSF. This
methodology is of note because by simultaneously extracting and derivatizing
these compounds the quantification is achieved with the same aliquot of CSF,
thus providing a valuable economy of time and materials. We also report, for
the first time, the concentration of free and conjugated forms of the
metabolites in human lumbar CSF taken from healthy volunteers.

METHODS

Reagents
Pentafluoropropionic anhydride (PFPA) was obtained from Pierce Chemical

Co. (Rockford, Ill., U.S.A.); 2,2,3,3,3-pentafluoro-1-propanol was from ICN
Pharmaceuticals (Plainview, N.Y., U.S.A.); HVA, MHPG (piperazine salt),
and DOPAC were from Calbiochem (Los Angeles, Calif., U.S.A.); 5-HIAA and
5-methoxyindole-3-acetic acid (5-CH30IAA) were from Regis Chemical Co.
(Chicago, Ill., U.S.A.); sulfatase (arylsulfatase containing some {3-glucuronidase,
type H-1) was from Sigma; probenecid was from Sigma Chemical Co. (St.
Louis, Mo., U.S.A.); 5-hydroxyindole-3-acetic-2,2-d.z acid (dz-5-HIAA, 98
atom % ZH), zHzO (99.7 atom % ZH), CZH3COOzH (99.5 atom % ZH) and zHCI
(99 atom % ZH) were from Merck (Rahway, N.J., U.S.A.); borane methylsul
phide complex was from Aldrich; MHPG sulfate was kindly donated by
Hoffman La Roche (Nutley, N.J., U.S.A.) (Ro 4-6028); 3% (w/w) OV-17,
80-100 mesh Gas-Chrom Q, was from Applied Science Labs (State College,
Pa., U.S.A.). All other reagents and compounds were of the highest purity
available.

Collection of CSF
The subjects were normal males, none of whom had received psychotropic

drugs for at least three weeks prior to the study. Having given informed
consent, the subjects received two lumbar punctures in the lateral decubitus
position, after an overnight fast, before arising from bed. The lumbar punctures
were performed at 8.00 a.m. on consecutive days, and prior to the second
lumbar puncture the subjects were administered pmbenecid in six oral doses of
12.5 mg/kg and a final oral dose of 25 mg/kg for a total of 100 mg/kg, given
18, 16, 14, 12, 10, 8 and 3 h before the lumbar puncture. A total of 24 ml of
CSF was collected in 6-ml aliquots, from each lumbar puncture, and the second
6-ml aliquot was used for the analyses described here. No CSF specimens were
used which contained blood; immediately after collection ascorbic acid was
added (1 Jlmole/ml) and the samples were frozen and stored at -700 until they
were analyzed.

Preparation of deuterated internal standards
Deuterated internal standards were prepared by exchange reactions [3,4] in

zHzO-zHCl. Assessment of the isotopic composition and purity of the products
was made by combined gas chromatography-mass spectrometry (GC-MS) of
the pentafluoropropionyl (PFP) esters (prepared as described below) after a
correction was made for the natural isotope satellite ion in the authentic non
deuterated compound. In the case of vanillylmandelic acid (VMA) and MHPG
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it was not possible to weigh the deuterated products accurately. In this situa
tion SIM analysis, using the non-deuterated compound as a standard, was
employed to determine the concentration of d 3-VMA and d 3-MHPG in solution.

DOPAC. A solution of HVA (300 mg) in 2H20 (2 ml) and 2HCI (2 ml, 38% in
2H20) was heated in a sealed glass tube at 130° for 16 h. After cooling, the
mixture was extracted three times with 5 ml of ethyl acetate. The pooled
organic phase was shaken with activated charcoal, filtered, and dried under
vacuum « 40°). On standing, the resulting oil crystallized. Recrystallization
from an ether-benzene mixture yielded needles which were collected by
filtration. The final product contained ds-DOPAC with less than 1% do·DOPAC,
and no detectable amount of HVA.

BVA. A solution of HVA (30.5 mg) in 2H20 (2 ml), 2HCI (2 ml, 38% in
2H20) and C2H3C002H (0.5 ml), was gently refluxed in an open-ended
test-tube on a heating block at 190° for 30 min. After cooling, the mixture was
extracted three times with 5 ml of ethyl acetate, and the cooled organic phase
was taken to dryness under vacuum « 40°). The resulting oil crystallized on
standing, and recrystallization from ether--benzene yielded needles containing
d 3-HVA with less than 1% do-HVA.

VMA. A solution of VMA (400 mg) in 2H20 (6 ml), 2HCI (10 ml, 20% in
2H20) and C2H3C002H (2.5 ml) was heated gently under reflux in an open
ended test-tube (15 cm X 2.5 cm) on a heating block at 170° for 15 min. The
mixture was then quickly cooled on ice, filtered under vacuum, and extracted
three times with 3 ml of ethyl acetate. The pooled organic phase was shaken
with activated charcoal and filtered again. The yellow-red filtrate was dried
under vacuum « 40°), and the resulting oil was dissolved in H20 (1 ml) and
loaded onto a Sephadex G-10 column (11.9 X 1.0 cm) suspended in H20
(Pharmacia, Uppsala, Sweden). As the column was eluted with H20, 5-ml
fractions were collected. Aliquots (100 MI) of each fraction were removed,
dried under a stream of nitrogen, and derivatized (as described below) for
examination by GC-MS. Fractions 2, 3, and 4 contained VMA and were
pooled and lyophilized to dryness, yielding a yellow powder (weighing approxi
mately 10 mg) which contained d 3-VMA with less than 3% do-VMA.

MBPG. To a solution of d 3-VMA (5 mg of the powder containing d 3-VMA)
in tetrahydrofuran (1 ml) was added borane methyl SUlphide complex (1 ml,
containing approximately 5% methyl sulphide). The mixture was left to stand
at room temperature with occasional manual agitation for 1 h, after which
anhydrous methanol (2.5 ml) was added slowly. After drying under a stream of
nitrogen, the resulting clear oil was dissolved in 2H20 (2.5 ml). The final
solution contained d 3-MHPG with less than 1% do-MHPG and a trace of
d 3 - VMA but no detectable amount of d o-VMA.

Synthesis of m-(di-isobutylsulfamyl)benzoic acid (DBSB)
DBSB was synthesized from m-(chlorosulfonyl)benzoic acid and di-isobutyl

amine as already described [5] .

Sample preparation for unconjugated monoamine metabolites and probenecid
To a 1.0-ml aliquot of CSF are added 100 MI of an aqueous solution

containing ds-DOPAC (10 pmoles), d 3-HVA (400 pmoles), d 3-MHPG (15
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pmoles), dz-5-HIAA (400 pmoles), 5-CH30IAA (500 pmoles) and ascorbic acid
(100 nmoles). A solution of DBSB (44 nmoles) in 20 ~l of 20 mM NaOH is
then added, and the sample, which is kept on ice (0-4°) during the solvent
extraction process, is acidified by the addition of formic acid (4 N, 50 ~l) and
extracted twice with freshly redistilled ethyl acetate (4 ml each time) using cen
trifugation to separate the phases (3000 g for 5 min). The organic phases are
pooled in a screw-capped test-tube and taken to dryness under a stream of
nitrogen. The dried contents are washed to the bottom of the tube by·addition
of anhydrous methanol (100 ~l), which is evaporated under a stream of
nitrogen. The drying process is completed by addition of benzene (50 ~l),

which is also evaporated under a stream of nitrogen.

Hydrolysis of conjugated forms of the monoamine metabolites
To a 1.0-m! aliquot of CSF containing the internal standards, aryl sulfatase

(type H-1, 100 units in 100 ~l of 1 M sodium acetate buffer. pH 6.2) is added.
The solution is incubated on a gently shaking water-bath at 37° for 1 h, after
which it is extracted in the same manner as described for the f~ee monoamine
metabolites.

Preparation of standard curves
With each set of samples (free and hydrolyzed), a standard curve is prepared

for each compound by addition of the internal standards and known amounts
of each compound to samples of artificial CSF (containing mM concentrations
of NaCI (140), KCI (3.4), CaCl2 (1.3), MgCI2 · 7H20 (0.54), urea (0.22),
NaH2P04 (0.25), Na2HP04 (0.25), glucose (3.33), and NaHC03 (3.57). These
standard samples are then treated in the manner already described for the free
and conjugated metabolites.

Derivatization of monoamine metabolites and probenecid [6J
Pentafluoropropionic anhydride (40 ~l) and 2,2,3,3,3-pentafluoropropanol

(10 ~l) are added to the dried ethyl acetate extracts, and the mixture is heated
to 75° for 15 min. The tubes are then cooled and dried under a stream of nitro
gen. Additional pentafluoropropionic anhydride (50 ~l) is added, and the
mixture heated to 75° for a further 5 min. Excess reagent is again removed in a
stream of nitrogen, and the dried residue is stored at -70° until analyzed.

Gas chromatography
The derivatives of the monoamine metabolites are separated on a silanized

glass column (5 ft. X 2 mm LD.) packed with 3% OV-17 (8(}-100 mesh) with
helium as the carrier gas (25 ml/min) and the injector port at 200°. The column
temperature is 115° and is increased at a rate of 6° /min from the time of
sample injection. The derivatives of probenecid and DBSB are chromato
graphed on the same column but with the injector port at 250° and the column
isothermal at 200° .

Typically, for analysis of the monoamine metabolites the derivatized sample,
prepared from an extract of 1 ml of lumbar CSF, is dissolved in 20 ~l of ethyl
acetate of which 2-5 ~l are injected onto the GC column. For analysis of
probenecid and DBSB the remainder of the derivatized extract is dissolved in a
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further 100 JIl of ethyl acetate of which 1-2 JIl are injected onto the GC
column.

The gas chromatograph was provided with a toggle switch to divert the
solvent from the mass spectrometer; the diverter was switched off 0.5 min after
sample injection.

Mass spectrometry
Mass spectrometry was carried out with a Finnigan 3200 GC-M8 system

integrated with a Finnigan 6000 data system. The parameters of the source are
manipulated to maximize the signal at m/e 464 (obtained from standard
calibration gas: perfluoro-tri-n-butylamine). The system was provided with a
baffle; ethanol was used as the cooling agent and a cryocool unit (Neslabs
Instruments) afforded the refrigeration.

RESULTS

Monoamine metabolites
Under the conditions used, the PFP derivatives of DOPAC, VMA, MHPG,

HVA, 5-HIAA, and 5-CH30IAA separated from one another on the OV-17
column (Table I). The mass spectra of these derivatives (Table I) are dominated
by the presence of relatively intense molecular ions with characteristic losses of
177 and 163 mass units due respectively to losses of the esterified carboxyl
function (OCOCH2C2 Fs) and an esterified hydroxyl function (OCOC2 Fs).
Other characteristic fragments correspond to the loss of 147 and 150 mass
units, due presumably to loss of C2 FsCO and C2 FsCH20H, respectively, from
the molecular ions.

Using the technique of multiple-ion 81M, we have been able to identify
DOPAC, MHPG, HVA, and 5-HIAA in extracts of human C8F (Table II).
There is also a small peak in the m/e 445 ion trace at the retention time of
VMA, but we have been unable to confirm the identity of VMA with peaks in
other ion traces characteristic of this compound.

The parameters used for quantitative 81M data collection of the PFP
derivatives of the monoamine metabolites can be chosen so that DOPAC, VMA,
MHPG, HVA and 5-HIAA are analyzed during the same GC run (Table III). In
this case, the ion at m/e 445 is used for quantitative measurements of both do
VMA and do-MHPG, and the ion at m/e 448 can be used for quantitative
measurements of both d 3-VMA and d 3-MHPG. Otherwise, the close proximity
of the DOPAC, VMA, and MHPG peaks would not permit the analysis of all
compounds in the same GC run. We have not routinely measured VMA
concentrations in human C8F samples, however, because the amount present
is usually below the sensitivity limit of our mass spectrometer. Therefore, in
the 2.5-3.3-min time frame, we monitor the ions at m/e 458 and 622
(do-MHPG), and m/e 461 and 625 (d 3-MHPG), and thereby obtain a stronger
signal for the MHPG peak. In this case, the ratio of peak heights in the ion
traces at m/e 458 and 461 is used in the quantitative measurements.

The degree of completion of hydrolysis of conjugated forms of the
metabolites was checked with time-course experiments using 230-JIl aliquots of
artificial C8F samples obtained from rat brain perfusion experiments [7].
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lumbar CSF taken from healthy control subjects before probenecid administra
tion, nor the concentration of DOPAC, MHPG, HVA, 5-HIAA and probenecid
in lumbar CSF from healthy control subjects taken after probenecid
administration have been previously reported. We report concentrations of the
free forms of DOPAC, MHPG, HVA, 5-HIAA and probenecid in lumbar CSF
taken from healthy control subjects, before and after probenecid administra
tion, which are within the concentration ranges reported for these compounds
in lumbar CSF taken from non-psychotic hospitalized patients [4,10, 11, 13] .
We have also demonstrated the presence of small but significant amounts of
conjugated forms of DOPAC and MHPG in lumbar CSF, which is consistent
with previous reports [11,12,14,15].
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position 3 prevents oxidation by XO. This is supported by the fact that allopur
inol did not suppress the excretion of 1,3-diMeU to zero level in the rats.

In our XO-deficient patient a considerable amount of theophylline is oxidiz
ed to 1,3-diMeU and to l-MeU. It is not known which enzyme activity is re
sponsible for this oxidation, but the results from our patient suggest that it is
not XO. Demethylation of 1,3-diMeU at position 3 might explain the excretion
of l-MeU, but in this case it is difficult to understand why it should not happen
in the asthma patients and the rats on theophylline and allopurinol.

ACKNOWLEDGEMENT

S.K.W. was supported by "Het Praeventie Fonds", The Hague.

REFERENCES

1 B.B. Brodie, J. Axelrod and J. Reichenthal, J. BioI. Chern., 194 (1952) 215.
2 H. Weinfield and A.A Christman, J. BioI. Chern., 200 (1953) 345.
3 H.H. Cornish and A.A Christman, J. BioI. Chern., 228 (1957) 315.
4 E.R. Giblett, J.E. Anderson, F. Cohen, B. Pollara and H.J. Meuwissen, Lancet, ii (1972)

1067.
5 H.J. Meuwissen, B. Pollara and R.J. Pickering, J. Pediatr., 86 (1975) 169.
6 E.R. Giblett, AJ. Ammann, D.W~ Wara, R. Sandman and L.K. Diamond, Lancet, i

(1975) 1010.
7 J.W. Stoop, B.J.M. Zegers, G.F.M. Hendrickx, L.H. Siegenbeek van Heukelom, G.E.J.

Staal, P.K. de Bree, S.K. Wadman and R.E. Ballieux, New Eng. J. Med., 296 (1977) 651.
8 AH. van Gennip, D. Y. van Noordenburg-Huistra, P.K. de Bree and S.K. Wadman, Clin.

Chim. Acta, 86 (1978) 7.
9 J.J. Orcutt, P.P. Kozak, Jr., S.A Gillman and L.H. Cummins, Clin. Chern., 23 (1977)

599.
10 C.W. Gehrke and D.B. Lakings, J. Chromatogr., 61 (1971) 45.
11 C.W. Gehrke and AB. Patel, J. Chromatogr., 130 (1977) 103.
12 M. Duran, F.A. Beemer, C. van der Heiden, P.K. de Bree, M. Brink, S.K. Wadman and

J. Lombeck, J. Inher. Metab. Dis., in press.
13 A.H. van Gennip, P.K. de Bree, C. van der Heiden, S.K. Wadman, J. Haverkamp and

J.F.G. Vliegenthart, Clin. Chim. Acta, 45 (1973) 119.
14 P.M. Loughnan, D.S. Sittar, R.I. Ogilvie, A Eisen, Z. Fox and AH. Neims, J. Pediatr.,

88 (1976) 874.
15 F. Bergmann and S. Dikstein, J. BioI. Chern., 223 (1956) 765.
16 S. Skupp and J.H. Ayvazian, J. Lab. Clin. Med., 73 (1969) 909.







365

Reagents and chemicals
The mobile phase was acetate buffer---acetonitrile (92:8). The buffer was

prepared by adjusting the pH of a 20 mmoll- 1 solution of sodium acetate in
singly distilled water to 4 with reagent-grade glacial acetic acid. The buffer was
prepared weekly and stored at 4° until required. Due to a negative volume of
mixing, volumes of acetate buffer and acetonitrile were measured separately
and subsequently mixed together. Degassing of the mobile phase was achieved
by warming to ca. 40° under reduced pressure (ca. 15 mm Hg) for 10 min.
During use solvents were maintained in the degassed state with a slow stream
of helium. Care must be taken to ensure that the helium flow does not alter the
composition of the acetonitrile-buffer mixture as a small reduction in the
acetonitrile content leads to a large increase in retention time (Fig. 1). All
mixed solvents were stirred continuously whilst the chromatograph was run
ning.
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Fig. 1. Variation of retention time with percentage of acetonitrile in the mobile phase.
• , Theobromine; x, theophylline; D, caffeine.

Sample collection and storage
Samples were collected from out-patients attending an asthma clinic. Upon

receipt in the laboratory the samples were centrifuged and the plasma stored
at - 20° until required for analysis.

Sample preparation
A stock solution of 237.5 ml chloroform and 12.5 ml isopropanol (95: 5

mixture) together with 1.4 mg of {3-hydroxyethyltheophylline as internal
standard was prepared and stored at 4° until used. An aliquot of 25 ~l of
plasma was transferred via a 100-~1 syringe into a 10-ml tapered centrifuge tube
and 250 ~l of the organic extracting solution (see above) were added from a
500-~1 syringe. The tube was sealed with a rubber septum, the contents
vortexed for one minute to give thorough mixing and centrifuged for one
minute. A 200-~1 amount of the chloroform layer was removed and evaporated
to dryness. The residue was dissolved in 50 ~l of mobile phase and vortexed for
one minute prior to injection. For a 25-~1 sample of plasma in 250 ~l of
extracting solution recovery of theophylline was 71%.
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RESULTS AND DISCUSSION

Chromatographic aspects
The ratio of acetonitrile to acetate buffer was found to be critical to the

separation. Slight alteration of the ratio brought about significant variations in
retention time (Fig. 1). An acetate buffer-acetonitrile (92:8) mixture was
selected for use, this being a compromise between maximum resolution of
peaks and minimum analysis time per chromatogram.

Variation in the pH of the mobile phase was also found to be significant to
the determination. The maximum difference in retention time between theo
phylline and dietary xanthines occurred at pH 4.0 (Fig. 2).

~
:: 5
::l
£l

'0
I 4
Q.

3

)) )
Fig. 2. Variation of retention time with the pH of the acetate buffer in the mobile phase.
• , Theobromine; x, theophylline; 0, caffeine.

The optimum flow-rate was found to be 1.5 ml min -1 which allowed an
operating pressure of 1200-1300 p.s.i. At this working pressure regular
changes of septum every fifteen to twenty injections were necessary.

The eluate was monitored at 273 nm corresponding to Amax for theophylline
(€ = 96,700) Le. the optimum detection wavelength. Detection at 254 nm or
280 nm resulted in greatly reduced sensitivity. As these two wavelengths are
commonly available in "fixed-wavelength detectors" it should be recognised
that the use of such detectors seriously degrades the performance of the meth
od.

The use of a spherical 5-J.Lm particle packing material gave considerable im
provement in performance when compared with other methods [10, 18-23].
Typical column efficiency with this material was 30,000 plates per metre.
Whilst this was more than adequate for the resolution of theophylline, theo
bromine and caffeine (Fig. 3A) such performance is desirable. For example
one of the most likely, and often neglected, of possible interferents in the
determination of theophylline, is paracetamol, a common analgesic. Indeed
paracetamol was found to be present in several of the seventy-five patients
studied during this work. The resolution of paracetamol from theophylline is
illustrated in Fig. 3B. Other possible interferents include the metabolites of
theophylline, 1,3-dimethyluric acid, 1-methyluric acid and 3-methylxanthine.

The retention times of these and other related compounds are given in Table
1. The only interfering compound was 1,7-dimethylxanthine, a metabolite of
caffeine [25]. As this compound has not been detected in plasma in significant
concentrations, interference is unlikely in practice. A second advantage, result-
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Fig. 3. (A) Optimised separation of theobromine (1), theophylline (2), and caffeine (3). S =
solvent front. (B) The resolution of paracetamol (4) from theophylline (2). (C) The position
of the internal standard (5) relative to theophylline (2) and caffeine (3). (D) The effect of
injecting the sample in 100% acetonitrile. 1 = Theobromine; 2 = theophy.lline; 3 = caffeine.

ing from the high efficiency of the column was that considerable deterioration
in the condition, and thus performance, of the column could be tolerated be
fore column repair became essential. Acceptable results were still obtained
when column efficiency had decreased to half of its original value. A daily
wash of the column with methanol was found to extend its working lifetime
thus reducing routine column maintenance still further.

Internal standard
Substituted xanthines which are not used as drugs, do not occur in dietary

items, and are not metabolic products, were obvious choices for the internal
standard. Three possible compounds were investigated, i3-hydroxyethyltheo-
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TABLE I

RETENTION TIMES OF THE VARIOUS COMPOUNDS STUDIED

Compound

Theophylline
Theobromine
Caffeine
Hypoxanthine
3-Methyluric acid
Xanthine
I-Methyluric acid
3-Methylxanthine
1-Methylxanthine
1,3-Dimethyluric acid
1,7 -Dimethylxanthine
Paracetamol
(Phenobarbitone
I1-Hydroxyethyltheophylline (I.S.)

Retention time (min)

2.50
1.65
4.65
0.95
0.95
1.00
1.15
1.35
1.40
1.65
2.50
2.15

29.0)*
3.20

*Phenobarbitone was only detected as a very small peak at high concentrations (due to a
very low absorbance at 273 nm), and thus it can be ignored.

phylline, 8-chlorotheophylline and 7-fj-hydroxypropyltheophylline. The re
tention times of these were 3.20, 5.45 and 5.50 min, respectively. All three
showed similar absorbance at 273 nm and chromatographed well giving re
solved symmetrical peaks. 8-Chlorotheophylline was rejected because of low
solubility in the mobile phase at the 40 Ilg mr1 level. fj-Hydroxyethyltheophyl
line, rather than 7-fj-hydroxypr<wyltheophylline, was selected as the best in
ternal standard because it eluted between theophylline and caffeine (Fig. 3C)
thus adding no extra time to a chromatographic run. Chromatographic analysis
time is thus reduced to 5 min.

Linearity of the assay
Using the extraction procedure detailed above, standard plasma samples

with theophylline concentrations of 0, 0.5, 1, 2, 5, 10, 20,40,60, 80 and 100
Ilg mr1 were analysed. The results obtained over the range 0-40 Ilg mr1 were
linear (index of determination 0.9977) but a slight upward curve was displayed
at higher concentrations. The index of determination was 0.9927 for the range
0-100 Ilg ml-1

• As the therapeutic range (10-20 Ilg ml-1
) is contained within

the linear portion of the calibration graph, the departure from linearity at high
concentrations is not significant.

Analysis ofplasma samples
A set of seventy-five samples from subjects attending out-patient asthma

clinics was analysed. All samples had previously been analysed by the gas
chromatographic method currently in use [15] at the Bristol Royal Infirmary.
Batches of sixteen samples were analysed, consisting of thirteen prepared plas
ma samples together with two standards of concentrations 10 Ilg ml- 1 and 20
Ilg ml- 1 respectively and one control sample with a concentration near the
middle of the therapeutic range. Duplicate injections of each sample were
made.
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The results obtained by HPLC are compared directly with those produced by
gas chromatography in Fig. 4. The within batch coefficient of variation was
determined by ten replicate assays of the control sample to be 2.0% (mean
value 14.9 fJg ml -1). The between batch coefficient of variation was 3.0%
(thirteen determinations, mean value 15.1 fJg ml- 1

). The figures may be direct
ly compared with values for the gas chromatographic method [15] of 3.5%
within batch and 5.6% between batch.
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Theophylline concentration determined by HPLC (1'9 ml-')

Fig. 4. Correlation of data from HPLC and gas chromatographic analyses. Index of determi
nation, 0.964; slope, 1.011; intercept, + 0.089.

Due to the nature of the assay, many of the normal sources of variation have
been eliminated. The only accurate volume measurements required are those
of the sample (25 fJl) and the 250 fJl of extracting solution. The internal stan
dard removed any errors caused by subsequent volume measurements, includ
ing injection. Furthermore any reduction in peak height, caused by variable
increases in retention time or by band broadening as the column deteriorated,
resulted only in a loss of sensitivity. Without an internal standard, this would
have drastically affected the peak height response with respect to concentra
tion.

Dally calibration of the method, by using two standards at 10 fJg/ml and
20 fJg/ml concentrations, eliminated errors due to slight changes in the response
of the assay. These can be caused by such factors as small changes in the ex
tracting solution (chloroform readily evaporates for example).

The speed of the method can be most important for clinical·usage, especially
in emergency cases, and therefore this procedure was designed to give accurate
analyses in the minimum time. The fastest procedure developed was to initially
prepare two samples of the batch while the liquid chromatograph stabilised.
This preparation took 12 min. These samples were then run with duplicate in
jections. Since the possible elution of caffeine had to be allowed for, the chro-
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matography time per injection was 5 min and thus 10 min per sample. The time
per injection could be reduced to 3 min by injection of samples immediately
after elution of the internal standard peak. The caffeine peak would then elute
near the solvent front of the next injection, without interference with the
theophylline peak. Other samples were then prepared during the chromato
graphic runs (each pair taking 12 min to prepare, while the previous pair takes
20 min to chromatograph). Computation of results was then performed during
chromatography of the final pair of samples.

Potential chromatographic difficulties
As the developed method is very simple to operate it is likely that routine

clinical determinations will be performed by chromatographically inexperi
enced personnel. We therefore report three areas where particularly careful
observation is necessary.

Contrary to published results [26], the solvent in which the theophylline
samples are injected was shown to be critical. Injection in pure acetonitrile
produced poor peak shapes (Fig. 3D, compared with 3A). The decrease in peak
height resulted in significantly reduced sensitivity. This effect is probably due
to the theophylline being present in an un-ionised form when dissolved in pure
acetonitrile, but existing in a protonated form when the recommended mobile
phase (Le. pH 4) is used. The step in the method involving evaporation of the
chloroform extract to dryness and dissolution in the mobile phase is thus essen
tial.

Injection of the sample at any height above the top of the column packing
reduced the column efficiency. The sample should be injected into a layer of
glass beads packed on top of the column as close as possible to the packing
material without disturbing it. Disturbance of the column causes decreased
column efficiencies and tends t<? block the syringe. For example, injection of
the sample at a point ca. 5 mm above the column bed Le. towards the top of
the layer of glass beads was observed to reduce column efficiency from 25,000
to 7,700 plates m -1. The injection of samples as close to the top of the packing
as possible is therefore essential.

During use the packing material of the column shrinks slightly producing a
void at the top of the column. The reason for this is uncertain, but may be due
to further polymerisation of the bonded phase via cross-linking of the silane
groups. The consequence, however, is the doubling (Fig. 5B), and in severe
cases tripling, of peaks. The initial observation is the development of shoulders
on each peak (Fig. 5A). The effect is readily cured by removal of the top few
millimetres of dirty packing followed by repacking with fresh material using
the chromatographic pump. We have restored the efficiency of the column used
in the development of this work to about 30,000 plates m -1 five times. No
permanent deterioration of the column has occurred.

In an attempt to prevent void development the top of the column was modi
fied (Fig. 6). A gauze, permeable to 5-11m particles was placed on the top of the
column packing. The column insert was positioned to hold this gauze in place
and was then half filled with packing material as in normal column repair. A
second gauze, that retained 5-11m particles, was cut to fit easily inside the col
umn insert on top of the packing material. The remaining space was filled
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Fig. 5. Degradation of chromatography caused by void formation at the top of the column.
For details, see text. 1 = Theobromine; 2 = theophylline; 3 = caffeine; I = point of injection;
S = solvent front.
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Fig. 6. Moving gauze modification to head of column. Void formation at point A is prevent
ed.

with small glass beads (ballotini). As bedding down occurred the top gauze was
forced down by the high pressure preventing the formation of voids at the top
of the packing material. Instead the void was generated at the top of the bed
of glass beads. Some success has been achieved using this modification as the
problem of double peaks has not been observed during the last two hundred
injections.

CONCLUSION

An HPLC method has been developed that is entirely suitable for the routine
clinical monitoring of theophylline. The high specificity, high sensitivity, ap
plicability to microsamples, good accuracy, precision and speed of analysis
make it an attractive procedure when compared with other HPLC methods,
gas chromatographic methods and the more conventional techniques of thin
layer chromatography and UV spectrophotometry.
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SUMMARY

Extensive modification of an existing high-performance liquid chromatography assay for
acebutolol and its major metabolite has markedly improved chromatographic stability
eliminating the previous need for frequent adjustment of the eluent composition to
accommodate continuous loss of column retention. The eluents now used and avoidance of
the requirement for elevated column temperature may be significant factors in the ability
to maintain column life over 8 months of continuous use with little decrease in retention. As
a result of the improved chromatographic stability full advantage can now be taken of
automatic injection devices for the unattended processing of large numbers of samples. A
significant modification of the work-up of blood samples has improved precision of the
assay in whole blood. Nevertheless, it is recommended that plasma samples rather than
whole blood be analyzed, since the plasma assay is faster and still more precise.

INTRODUCTION

Acebutolol (Fig. 1) is a new beta-adrenergic receptor antagonist [1, 2]. In
contrast to propranolol, its cardioselectivity allows treatment of cardiac
arrhythmias in asthmatics [3]. A major metabolite of the drug, (± )-1-(2-acetyl
4-acetamidophenoxy)-2-hydroxy-3-isopropylaminopropane (metabolite I; Fig.
1), has been isolated and identified [4]. This metabolite may exceed the
plasma concentrations of the parent drug several-fold, but its contribution to
the antiarrhythmic effect of acebutolol in man is unclear. Several specific
assays which allow a comparison of activity of acebutolol with other l3-blockers
and a test for possible contribution of metabolites to the pharmacodynamic
response have been developed. Meffin et al. [4] reported on a gas chromato
graphic procedure suitable for simultaneous but separate quantitation of the

*To whom correspondence should be addressed.
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Fig. 1. Molecular structures of (± )-1-( 2-acetyl-4-n-butyramidophenoxy )-2-hydroxy-3-iso
propylaminopropane (acebutolol; 1), (± )-1-(2-acetyl-4-acetamidophenoxy )-2-hydroxy-3-iso
propylaminopropane (metabolite I; 2) and (:1: )-1-(2-propionyl-4-n-butyramidophenoxy)-2
hydroxy-3-isopropylaminopropane (internal standard; 3).

drug and its major metabolite. The sample work-up procedure in this assay is,
however, tedious. Three extraction and two derivatization steps are necessary
to provide a sample suitable for injection. The thin-layer chromatographic
procedure described by Steyn [5] uses quinidine, another antiarrhythmic drug,
as internal standard and will give inaccurate results in patients where this drug
is co-administered. The high-performance liquid chromatographic (HPLC) assay
reported by Meffin et al. [6] uses an ion-pair reversed-phase system at slightly
elevated column temperature (30°). When applying this method we noted
periodic changes in retention times of the compounds necessitating frequent
readjustment of the solvent composition. Rapid deterioration and a short
life of the column were observed. This seemed to be due to the ion-pairing
reagent used (sodium dodecyl sulfate) and its high surfactant activity. Changing
the counter-ion in the system resulted in insufficient retention and/or resolu
tion of the drug, its metabolite and the internal standard used. With the
possibility of processing large numbers of samples with the aid of an automatic
injector we have developed a reversed-phase chromatographic system not using
ion-pairs.

EXPERIMENTAL

Materials
Acetonitrile and methanol were obtained from Fisher (Pittsburgh, Pa.,

U.S.A.) (HPLC grade) and ethyl acetate from Burdick & Jackson Labs.
(Muskegon, Mich., U.S.A.). Sodium hydroxide pellets (USP), phosphoric acid
(N.F. 85% wt/wt), sulfuric acid (95-98%) and potassium phosphate mono
basic, all of analytical reagent grade, were supplied by Mallinckrodt (St. Louis
Mo., U.S.A.)
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Water was demineralized, distilled in glass and filtered before use. The
reference substances, (± )-1-(2-acetyl-4-n-butyramidophenoxy)-2-hydroxy-3-iso
propylaminopropane (acebutolol), (± )-1-(2-acetyl-4-acetamidophenoxy)-2
hydroxy-3-isopropylaminopropane (metabolite I) and (± )-1-(2-propionyl-4-n
butyramidophenoxy)-2-hydroxy-3-isopropylaminopropane (internal standard)
(Fig. 1) were kindly supplied by May & Baker (Dagenham, Great Britain).

Instrumentation and chromatographic conditions
A Varian (Palo Alto, Calif., U.S.A.) Model 8500 high-performance liquid

chromatograph was used equipped with a Varichrom (Varian) UV detector
set at A = 240 nm. The Altex (Berkeley, Calif., U.S.A.) Spherisorb ODS 5-JIm
HPLC column (25 cm X 3.9 mm I.D.) was eluted with acetonitrile-Q.1 M
phosphate buffer (pH 3.3)-water (55:6:39) at a flow-rate of 60 ml/h.

Injections were made with a Varian automated injector (Model 8000)
through a Valco sweepflow injector valve CV-6-UHPa-N60 with a 50-I.Llloop.
A dual pen recorder (Linear, Irvine, Calif., U.S.A.) enabled an eighty-fold range
to be covered.

Assay procedure
Plasma. A l.O-ml volume of methanolic internal standard solution containing

2.0 JIg/ml of the internal standard is measured into a test-tube (18 X 150 mm
with PTFE-lined screw cap) and evaporated to dryness at 35° under a stream
of nitrogen. A l.O-ml quantity of the plasma to be assayed is added and
vortexed for a few seconds. After addition of 1.0 ml of distilled water and 200
JII of 2 N aqueous sodium hydroxide solution, the sample is vortexed for 90
sec with 10 ml of ethyl acetate. After centrifugation for 5 min at 600-1200 g
the organic phase is transferred with a disposable pipette into an evaporation
tube* , 150 JII of 0.01 N aqueous sulfuric acid added and the mixture vortexed
for 90 sec. The tube is then placed into a dry-ice--acetone bath for 1 min to
cause the aqueous component to separate and is then centrifuged for 3 min.
The aqueous phase (150-250 JII) is sampled with a syringe through the ethyl
acetate layer, transferred into vials and injected onto the column :with an auto
matic sampler.

Blood. A l.O-ml volume of the blood to be assayed is spiked in a disposable
test-tube with 2.0 JIg of internal standard as described in the plasma assay
above. To precipitate proteins 2 ml of acetonitrile are added. After vortexing
the sample for 1 min and centrifugation for 3-5 min at 600-1200 g the super
natant is decanted into another test-tube (18 X 150 mm with PTFE-lined screw
cap), the acetonitrile evaporated at 35° under a stream of nitrogen and the
sample further processed as described for plasma samples.

Calibration and interpretation of chromatograms
Quantitation of acebutolol and its metabolite was achieved on the basis of a

standard curve. To accommodate small variations in the chromatographic
system which may occur from one day to another, standard curves were
prepared daily by spiking l.0 ml of blank, drug-free plasma or blood with 2.0

*Centrifuge tube with a glass capillary tube (capacity"" 150 ,Ill) fused to the base.



376

JJ.g internal standard and 0, 50, 100, 200, 500, 1000, 2000 or 3000 ng of both
acebutolol and metabolite I and assaying them together with the patients'
samples. An unweighted least squares regression relationship between
concentration and the peak height ratio of each compound to the internal
standard, was calculated.

RESULTS AND DISCUSSION

Using the conditions described, the chromatographic system could be main
tained for months provided the column was washed periodically with aceto
nitrile-water or pure acetonitrile and column frits were replaced as soon as
significant increase in back-pressure was observed. Adjustment of neither the
solvent composition nor the flow-rate was necessary, nor did the column show
any sign of deterioration in spite of the large sample volumes injected. After an
eight-month period of use of the column the retention times of acebutolol,
metabolite I and internal standard had decreased slightly but. the column
was still usable.

Typical chromatograms from patient samples are shown in Figs. 2 and 3 for
plasma and blood, respectively. Retention times for acebutolol, metabolite I
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Fig. 2. Chromatograms of plasma extract prior to (left) and after (right) administration of
acebutolol. Peaks: 1, metabolite I; 2, unknown substance; 3, acebutolol; 4, internal standard.
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Fig. 3. Chromatograms of blood extract prior to (left) and after (right) administration of
acebutolol. Peaks: I, metabolite I; 2, unknown substance; 3, acebutolol; 4, internal standard.

and internal standard are 10.6, 7.0, 13.4 min, respectively. As can be seen,
neither plasma nor blood obtained from the subject prior to administration of
the drug gave rise to interfering peaks. Quinidine and oxprenolol, also antiar
rhythmic drugs, did not interfere with the assay. Although propranolol did not
itself interfere, one of its metabolites (N-desisopropyl-propranolol) had the
same retention time as acebutolol. In some patients taking acebutolol, a small
unidentified peak with a retention time of 8.7 min could be found (cf. Figs. 2
and 3). Since these patients took no other drugs and since the additional peak
was not present in the sample taken prior to administration of acebutolol, it
is likely that the additional substance found in our assay is a previously
unknown minor metabolite. It could be quantitated with no changes in the
procedure if a reference sample were available.

The assay procedures include extraction of the drug and its major metabolite
from the biological sample into ethyl acetate and back-extraction into sulfuric
acid. The acid is then injected directly onto the column. Since the column
material is the most variable factor in a chromatographic system and may
deteriorate under strongly acidic conditions, we investigated the minimum acid
strength required to reproducibly extract the bases from the organic phase. It
was shown that 0.01 N sulfuric acid was sufficient for extraction of the basic
compounds and no increased peak height could be obtained by extracting
identical samples with higher acidic strengths. Addition of 150 ILl of acid
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yielded, after chilling, sufficient aqueous phase for two injections with the
automatic injector.

Since with autematic sampling the drug and its metabolite were kept in the
sulfuric acid for up to 12 h prior to chromatography, the stability of the com
pounds in 0.01 N sulfuric acid was tested. In 0.01 N and even in 0.1 N sulfuric
acid no degradation of either compound could be detected even after 24 h.

Using the same sample work-up procedure for both plasma and whole blood
as suggested by Meffin et al. [6], there was distinct nonlinearity in the standard
curves obtained for blood. We therefore altered the sample work-up for blood
to precipitate proteins by addition of acetonitrile. After centrifugation of the
precipitated proteins acetonitrile had to be evaporated from the supernatant
to ensure complete extraction of the drug from the aqueous phase with ethyl
acetate.

The sensitivity of the method described is dependent not only on the sample
size taken for assay but also on the injection mode, since the automatic injector
used requires excess sample to rinse away residue from the preceding sample.
Taking 1 ml of biological sample and using the automated injector device the
limit is about 50 ng/ml. Increasing the sample size to 2 ml, using only 50 J,ll of
sulfuric acid for back-extraction of the bases from the ethyl acetate and
injecting the sample manually with a Hamilton syringe onto the column, a
sensitivity of 10 ng/ml can easily be achieved. The variability of the assay over
the whole concentration range (50-3000 ng/ml) as reflected in the coefficient
of variation for normalized peak height ratios in typical standard curves was
4.6% and 6.0% for acebutolol and metabolite, respectively, in plasma and 6.1%
and 9.7% for these compounds in the blood.

Results from precision studies in patient samples with the plasma assay are
shown in Tables I and II. Assaying the same plasma sample six times on one
day, a coefficient of variation of 0.9% and 2.3% for acebutolol and metabolite
determinations respectively was found. Repeating the determination of five
plasma samples on different days yielded coefficients of variation from 2.3%
to 6.8% (mean: 4.3%) for acebutolol and from 2.1% to 5.5% (mean: 3.8%) for
the metabolite. Tables III and IV show the corresponding precision values for
the blood assay. The slightly higher coefficients of variation for the blood

TABLE I

INTRADAY PRECISION OF PLASMA ASSAY (PATIENT SAMPLE)

Replicate Concentration (ng/ml)
No.

Acebutolol Metabolite I

1 1425 3023
2 1389 2862
3 1400 2875
4 1389 2887
5 1397 2875
6 1397 2975

Mean 1400 2916
C.V. 0.9% 2.3%
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TABLE II

INTERDAY PRECISION OF PLASMA ASSAY (PATIENT SAMPLES)

Subject Concentration of acebutolol/metabolite (ng/ml) C.V. (%)

1 2 3 4 Ace- Metab-
butolol olite

A 319/937 312/917 300/898 3.1 2.1
B 439/1696 440/1744 388/1587 394/1672 6.8 3.9
C 779/1908 853/2057 783/1883 764/1807 5.0 5.5
D 273/523 294/554 286/508 267/528 4.4 3.6
E 1147/2782 1130/2702 1153/2626 1193/2872 2.3 3.8

Mean 4.3 3.8

assay, both within-day (4.0%, 4.5%) and between-day (7.1%, 5.4%), are
probably due to the additional sample clean-up step necessary for blood. An
additional possible source for the increased variability is the pipetting of the
aliquot of sample (increased viscosity of blood) taken for assay.

The assay procedure was checked not only for precision but also for a con
sistent trend (bias) by evaluation of replicate determinations of plasma or
blood samples spiked with a quantity of compound unknown to the analyst. As
can be seen from Table V the coefficient of variation in repeated measurements
in the low and high range of parent drug and metabolite concentrations was less
than 4% and there appears to be no significant bias introduced in the assay.
Precision and bias in spiked blood samples is shown in Table VI. Although the
variability is higher than for the plasma assay the accuracy of the analytical
procedure is still very acceptable.

To determine whether there are differences in plasma and whole blood con
centrations of acebutolol and metabolite, whole blood samples and the plasma
derived from them were both assayed. As can be seen from Table VII the blood:
plasma ratio for acebutolol was very close to 1.0 for all the seven samples
tested while metabolite levels determined in blood tended to be higher than in
plasma (mean: +11%). This might be due to binding of the metabolite to red

TABLE III

INTRADAY PRECISION OF BLOOD ASSAY (PATIENT SAMPLE)

Replicate Concentration (ng/ml)
No.

Acebutolol Metabolite I

1 517 1188
2 568 1333
3 525 1235
4 533 1242
5 529 1268
6 564 1341

Mean 539 1268
C.V. 4.0% 4.5%
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This report describes a sensitive GC method for the determination of I in
serum, and the application of this method to sera from dogs and humans after
single doses of I· HBr.

EXPERIMENTAL

Reagents
All chemicals were analytical-reagent grade. Benzene, isopropyl alcohol,

methylene chloride, and isooctane were a glass-distilled chromatographic grade
obtained from Mallinckrodt (St. Louis, Mo., U.S.A.). Dextromethorphan . HBr
was obtained from Hoffmann-LaRoche (Nutley, N.J., U.S.A.) and diphenyl
pyraline· HCI was purchased from K & K Labs. (Plainview, N.Y., U.S.A.).
(+)-3-Methoxymorphinan was prepared from I and cyanogen bromide
(Eastman-Kodak, Rochester, N.Y., U.S.A.) using the procedure of Clark [9].
The tartrate salt was recrystallized twice from ethanol-water, m.p. 209-2110

•

The structure was verified by elemental analysis and mass spectrometry.
Dextrorphan tartrate and (+)-morphinan-3-o1 were obtained from Hoffmann
LaRoche and Boehringer (Ingelheim am Rhein, G.F.R.), respectively. Penta
fluorobenzyl chloroformate and trichloroethyl chloroformate were obtained
from Pierce (Rockford, TIL, U.S.A.) and Aldrich (Milwaukee, Wis., U.S.A.),
respectively.

Apparatus
The samples were analyzed using a gas chromatograph (Model 7610A,

Hewlett-Packard, Avondale, Pa., U.S.A.) equipped with a 63Ni electron-capture
detector. A silanized glass column (120 cm X 4 mm LD.) packed with 3%
OV-25 on 80-100 mesh Supelcoport (Supelco, Bellefonte, Pa., U.S.A.) was
used at 2500

• The injection port and detector were operated at 2650 and 3000
,

respectively, with a 150-J,Lsec pulse interval for the detector. The flow-rate of
the carrier gas (5% methane in argon) was 50--55 ml/min. Under these con
ditions, the retention times of the pentafluorobenzyl carbamates of I and
diphenylpyraline were 7.5 and 8.9 min, respectively, and the respective
trichloroethyl carbamates eluted at 8.2 and 9.8 min.

Procedure
Two-milliliter aliquots or less of serum were diluted with 2 ml of distilled

water in a 13-ml glass-stoppered centrifuge tube and a quantity of the internal
standard, diphenylpyraline . HCI, roughly equivalent to the mid-point of the
standard curve was added to all samples and standards. The mixture was made
alkaline with 0.5 ml of 2 M potassium hydroxide and extracted vigorously with
4.0 ml of benzene-isopropyl alcohol (9:1, v/v) for 5 min. The upper layer was
transferred to a 13 X 100-mm test-tube after centrifugation and one drop of
acetic anhydride was added and mixed. After 5 min, 2.0 ml of 0.05 M sulfuric
acid was added and the mixture was agitated for 1 min on a rotary tube mixer.
After initially discarding most of the benzene, the sample was centrifuged and
all remaining benzene was carefully removed. The remaining aqueous sample
was made alkaline with 0.3 ml of 2 M potassium hydroxide and extracted with
2.0 ml of benzene--isopropyl alcohol (9:1, v/v) for 1 min on a rotary mixer.



392

After centrifugation, the benzene layer was transferred to a 2-ml glass ampoule
and evaporated under a stream of nitrogen in a warm sand bath. A 0.25-ml
aliquot of 0.5% (v/v) pentafluorobenzyl chloroformate (trichloroethyl chloro
formate was used for the human samples) in methylene chloride and 0.15 ml of
5% (w/v) aqueous sodium bicarbonate were added to the sample, and the
ampoule was sealed and heated at 800 in a sand bath for 2 h.

Mter cooling, the ampoule was scored, broken about 1 em above the
stricture, and the contents were evaporated to dryness under a stream of
nitrogen in a warm sand bath. One milliliter of isooctane and 0.5 ml of 0.5 M
potassium hydroxide in methanol-water (3:1, v/v) were added and mixed for
1 min on a rotary mixer. After centrifugation, the upper layer was transferred
to a vial with PTFE-lined screw cap and concentrated before analysis if
necessary. A standard curve was prepared daily (peak height ratio vs. concen
tration) by analyzing in duplicate at least three standards in serum. Linearity
was observed through 150 ng/ml, the maximum level usually required.

In vivo studies
Three fasted male mongrel dogs received 1.0-mg/kg doses of I· HBr in

aqueous solution by three routes of administration - intravenous (Lv.),
intraperitoneal (Lp.), and per os (p.o.), with at least one week between doses.
Blood samples were collected from the jugular vein 0.5, 1, 2, 3, 4, and 6 h after
drug administration.

Twelve fasted male human VOlunteers, 21-30 years and 60-100 kg, were
given single 20-mg doses of I· HBr p.o. The drug was administered as part of an
experimental liquid formulation also containing 60 mg of pseudoephedrine·
Hel and 200 mg of guaifenesin. Venous blood samples were taken 0.5, 1, 1.5,
2.5, and 5 h after drug administration.

Serum was prepared from all blood samples and stored at -150
•

RESULTS AND DISCUSSION

GC analysis of I
The absence of reactive groups on I makes the use of common acylating

agents impossible. The tertiary nitrogen is susceptible to derivatization with
chloroformates [10], with the loss of a methyl group, and this approach has
been used in the development of a technique for the determination of a
number of tertiary amines [11-13]. We have found this general method, with
some modification, applicable to the determination of I in serum, with detec
tion limits of < 1 ng/ml. Pentafluorobenzyl chloroformate is preferred for
greater sensitivity, but trichloroethyl chloroformate has been used with similar
results. Solvent extractions combined with a back-extraction with dilute
aqueous acid provided adequate purification prior to derivatization. Sodium
bicarbonate was superior to sodium carbonate as a catalyst for the derivatiza
tion reaction, and an aqueous bicarbonate solution, resulting in a two-phase
system, gave higher yields than the solid reagent. The utility of alcoholic
alkali for the reduction of interference resulting from the derivatizing reagent
[13] was confirmed.

The derivatizing reagent also reacts with (+)-3-methoxymorphinan (II) to
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form the same derivative, necessitating the removal of II with acetic anhydride.
When 1.0 /lg of II was added to control serum, less than 0.5% was recovered
using this procedure. The interference of dextrorphan and (+)-morphinan-3-o1
was likewise negligible « 0.5%). The total amount of I + II can be estimated
by omitting the acetic anhydride. This has not resulted in substantially larger
values than for I alone, and it is known that II is not a major metabolite [14].
The analysis of ten 1-ml control serum samples spiked with 50 ng/ml I resulted
in a mean of 50.7 ± 2.4 (S.D.).

Canine serum I
Serum I was determined in dogs after Lv., Lp., or p.o. administration of

1-mg/kg doses of I . HBr (Table I). The mean concentration of I in serum 0.5 h
after Lv. administration was 78 ng/ml. The mean terminal tt;. after Lv. adminis
tration was 2.3 h. Values of 2.5 and 3.9 h were reported for two dogs treated
with 2 mg/kg I Lv. [8]. After Lp. administration, there was a marked reduction
in the amount of I present in serum with a further decrease to only about 2
ng/ml after oral administration. This contrasts with the results obtained with
hydrocodone, where serum drug levels after Lv. and p.o. administration were
similar [15]. Poor oral availability could be associated with low absorption,
but the fact that Lp. availability was also low suggests a first-pass metabolic
effect [16]. The rapid and extensive metabolism of I has been described

TABLE I

SERUM CONCENTRATIONS OF I AFTER INTRAVENOUS, INTRAPERITONEAL, AND
ORAL ADMINISTRATION OF 1 mg{kg OF I· HBr IN DOGS

Hours Serum I (ng{ml as free baie)*

Intravenous administration
0.5 78 ± 2
1.0 52 ± 5
2.0 40 ± 10
3.0 28 ± 6
4.0 21 ± 6
6.0 12 ± 6

Intraperitoneal administration
0.5 9.5 ± 5.1
Lo 9.8 ± 4.8
2.0 7.7 ± 3.1
3.0 5.5 ± 2.1
4.0 4.5 ± 1.7
6.0 2.9 ± 1.1

Oral administration
0.5 2.1 ± 0.6
1.0 2.1 ± 0.9
2.0 1.6 ± 0.8
3.0 1.2 ± 0.8
4.0 0.9 ± 0.9
6.0 0.4 ± 0.6

*Mean of three animals
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previously [8, 14]. The mean area under the serum concentration vs. time
curve for the oral treatment in the present study was 3.8% of the Lv. value.
This is somewhat lower than reported values of 7 and 18% [8].

The difference in the results from p.o. and Lp. administration may reflect
less than complete absorption andjor gut-wall metabolism, a process known to
be important for some compounds [17].

Human serum I
Serum I levels were very low in humans after oral administration. A mean

peak value of < 2 ngjml was obtained after a 20-mg oral dose of I· HBr (Table
II). This contrasts with peak drug levels of about 20 ngjml after a 10-mg oral
dose of hydrocodone bitartrate [15] and about 30 ngjml after a 15-mg oral
dose of codeine [18]. Intersubject variability in the present study was high,

TABLEll

SERUM CONCENTRATIONS OF I IN HUMANS AFTER A SINGLE 20-mg ORAL DOSE
OF I· HBr

Hours

0.5
1.0
1.5
2.5
5.0

Serum I (ng/ml as free base)*

0.1 ± 0.1
0.7 ± 0.8
1.1 ± 1.3
1.8 ± 2.2
1.4 ± 1.6

*Mean of twelve subjects ± S.D.

indicating possible differences in absorption or metabolism of the drug. Four of
twelve subjects had peak serum drug levels of> 2 ngjml with one value of 7.9
ngjml and seven had values < 1 ng/ml. This may account for the fact that
Dixon et al. [8] were unable to detect I in the plasma of one subject using a
radioimmunoassay with a sensitivity of about 1 ng/ml.

Preliminary work indicates that the GC method described above can also
be used to analyze urine samples. Although it appears that serum drug levels
may be too low in most cases to permit detailed kinetic analyses, this problem
can perhaps be circumvented by using excretion data.
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Nitrimidazole derivatives are widely used clinically as antimicrobial agents
[1] and to sensitise hypoxic tumour cells to radiation [2]. In the latter case,
monitoring of plasma or saliva drug concentrations has been used to estimate
the potential toxic and therapeutic effects [3,4].

The in vivo concentrations of two of the more widely used drugs, misonida
zole (Roche, Welwyn Garden City, Great Britain) and metronidazole (May &
Baker, Dagenham, Great Britain), can be determined by reversed-phase high
performance liquid chromatography (HPLC) [5, 6]. As part of a series of
studies in this laboratory on the pharmacokinetics of hypoxic cell radiosen
sitisers, it has been found that whereas the above HPLC methods are readily
adapted for the assay of other essentially unionised nitroimidazoles, the
method is often highly unsatisfactory for more strongly ionised derivatives.
These latter include a class of compounds of particular interest, the basic
morpholine derivatives, e.g. nimorazole, used clinically mainly as an anti
trichomonal agent [7] (Fig. 1).

Fig. 1. Structural formula of nimorazole.
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Reversed-phase HPLC, with aqueous methanol as the mobile phase and octa
decylsilane as the stationary phase, gave poor chromatography with
irreproducibility, broad asymmetrical peaks and poor resolution as the major
problems. In the present paper a method is described for the estimation of
nimorazole in whole blood by paired-ion reversed-phase HPLC [8] .

In addition, the procedures were adapted to micro-scale to allow rapid anal
ysis of 5-J.LI blood samples collected sequentially from individual mice, thus
allowing detailed pharmacokinetic studies to be carried out with small quan
tities of drug. An application of the method is described, which demonstrates
the dose-dependent pharmacokinetics of nimorazole in mice.

METHODS

Reagents
Nimorazole (4-[2-( 5-nitroimidazol-1-yl)ethyl] -morpholine; nitrimidazine;

Nagoxin) was supplied by Montedison Pharmaceuticals (Barnet, Great Britain),
and 1-(2-nitroimidazol-1-yl)-3-chloropropan-2-01 (Ro 07-0269) by Roche.

Water was twice-distilled in glass. HPLC-grade methanol was obtained from
Rathburn Chemicals (Walkerburn, Great Britain). Heptanesulfonic acid was
obtained as a commercial preparation in aqueous solution containing acetic
acid (PIC Reagent B-7) from Waters Assoc. (Milford, Mass., U.S.A.). The
mobile phase was prepared by dissolving 15 ml of this reagent in 1 I of 30%
methanol in water. This gave a heptanesulphonic acid concentration of 5 mM
and a pH of 3.2. The mobile phase was passed through a 0.45-J.Lm Millipore
filter (for aqueous solvents) and de-aerated under vacuum before use.

Sample preparation and chromatography
Blood samples (whole or diluted) were mixed thoroughly with 9 vol.

methanol containing the standard Ro 07-0269 (11 J.Lg/ml). After centrifugation
(3000 g, 10 min), 10-J.LI samples of supernatant were chromatographed at
ambient temperature using a Waters Model ALC/GPC-244 liquid
chromatograph equipped with a U6K sample loop injector and a J.LBondapak
Ci8 (octadecylsilane) column (30 em X 3.9 mm I.D., particle size 10 J.Lm)
(Waters Assoc.). The mobile phase consisting of methanol-water (30:70)
containing PIC Reagent B-7 was delivered at a constant flow-rate of 2 ml/min
(pressure 20 MPa or 3000 p.s.i.). The absorbance of the column effluent was
monitored at 313 nm using a Waters Model 440 absorbance detector coupled
to a Servoscribe chart recorder (chart speed 10 mm/min).

Pharmacokinetics
Adult male BALB/c mice, weighing approx. 25-30 g were obtained from the

breeding colony at N.I.M.R. (Mill Hill, London, Great Britain). They were
allowed PRD nuts (Labsure Animal Diets, Poole, Great Britain) and tap water,
both ad libitum.

For pharmacokinetic studies nimorazole was dissolved at appropriate con
centrations in Hank's balanced salt solution and injected intraperitoneally in
a volume of 40 ml/kg body weight. In the initial studies mice were bled at
appropriate times by cardiac puncture under diethyl ether anaesthesia, and
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The proceedings, providing general reviews on chromatography and elect
rophoresis, cover a wide range of potential applications of these tech
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of drugs, drug metabolites and pollutants, whilst other investigations are
concerned with the identification of endogenous metabolites in living
organisms. In addition, the medical applications of chromatography and
electrophoresis for diagnostic purposes are presented. These techniques
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Impressive progress has been made recently in membrane research with
respect to membrane structure, functions and mechanisms. However,
until now there was no comprehensive view of the field of electrical phenom
ena in membranes, nor a general view of the features which the different
types of membranes have in common.

The forty papers and shorter contributions of this meeting presented in this
volume have made a unique contribution to the study of electrical phenom
ena at the biological level. They represent a confrontation of the membrane
biologists' problems with the techniques of physical chemistry.

These Proceedings bring together an up-to-date discussion of noise, regu
lation and ionic exchanges in the course of nervous conduction; new hypoth·
eses on the role of proteins in membrane permeability taking into account
their dielectric constants; fundamental studies on electron migration be
tween biomolecules; and the most recent experimental approaches to the
knowledge of electronic conduction in photosynthesis. The contributions
provide surveys of broad research fields as well as the most recent and sig
nificant results in a number of specialised studies.

This book will be of interest to plant and animal physiologists, biochemists
and biophysicists, and also to physical chemists concerned with the mech
anisms of nervous conduction, permeability, photosynthesis and vision
processes.
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