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Abstract

High-performance liquid chromatography with electrochemical detection (HPLC-ED) is a popular method for
measuring biogenic amines, owing to its simplicity, versatility, sensitivity. and specificity. Recent developments in
microbore column HPLC-ED have been facilitated by miniaturization of solvent delivery, column packing, sample
injection and micro-flow cell construction. The aim of this paper is to present an overview of recent developments
in microbore column HPLC-ED. in terms of advantages and limitations. This paper covers the recent
advancements and important factors of HPLC-ED analysis of biogenic amines using microbore columns. Particular
emphasis is placed on applying this technique to microdialysis. for which great sensitivity is required. Its potential
in future biomedical applications is also discussed.
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1. Introduction
1.1. Biogenic amines and related compounds

Biogenic amines. including catecholamines
and indoleamines, play a number of important
functions in the peripheral and central nervous
systems. Levels of biogenic amines and their
metabolites in tissues or biological fluids have
been widely investigated for a variety of physio-
logical and disease states. These compounds
include parent neurotransmitters, norepineph-
rine (NE), epinephrine (E), dopamine (DA).
serotonin  (5-HT), their precursors, 3.4-di-
hydroxyphenylalanine  (DOPA),  5-hydroxy-
tryptophan (5-HTP). their major metabolites.
3-methoxy-4-hydroxyphenylethylene glycol
(MHPG), vanillylmandelic acid (VMA), 34-
dihydroxyphenylacetic acid (DOPAC), 3-
methoxytyramine (3-MT), homovanillic acid
(HVA) and S-hydroxyindoleacetic acid (5-
HIAA).

These biogenic amines and their related com-
pounds have been implicated in the neurochem-
istry and physiology of mental illnesses and
neurological disorders. 5-HT is involved in de-
pression [1,2], schizophrenia [3,4], migraine [5],
carcinoid [6,7], mental retardation [8,9], infantile
autism [10], body temperature regulation [11],
sensory perception [12], and sleep regulation
[13]. NE, E and DA are involved in depression
[14], schizophrenia [15]. Parkinsonism {16,17].
essential hypertension [18.,19], pheochromocy-
toma [20,21], cardiac arrhythmia [22,23] and
melanoma [24,25]. Therefore, for clinical diag-
nosis or prognosis, and for basic research pur-
poses, it is necessary to determine concomitant
levels of serotonin, catecholamines and their
metabolites in tissues and biological fluids, in-
cluding urine, blood and cerebrospinal fluid. The
complexity of biological matrices and the diverse
levels of biogenic amines, their precursors and
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their metabolites requires the use of an efficient
separation technique and sensitive detection de-
vices.

1.2. Development of analytical techniques

Many analytical techniques, such as radioch-
emistry [26,27], gas chromatography [28,29] and
liquid chromatography [30,31], have been de-
veloped for the determination of biogenic
amines, their precursors and metabolites. Many
excellent reviews [32-35] and textbooks [36-38]
have been published, covering techniques,
theories and applications in detail.

High-performance liquid chromatography with
electrochemical detection (HPLC-ED) is con-
sidered to be one of the most popular methods
for determining biogenic amines, owing to its
simplicity, versatility, sensitivity and specificity.
HPLC-ED was pioneered by Kissinger et al.
[39] two decades ago. In their design, the column
effluent passes in a thin-layer flow cell over the
surface of a glassy carbon electrode, and parts of
substances are oxidized at the electrode surface.
The principle of electrochemical detection is
based on the measurement of anodic current at a
controlled potential applied to the electrode as a
function of substances oxidized.

Many assays that have utilized HPLC-ED for
the analysis of urine, blood, tissue, cerebrospinal
fluid and discrete brain tissue have been pub-
lished [40-48]. The detection limit for biogenic
amines, using conventional HPLC-ED tech-
niques, is about 30 fmol. This is often sufficient
for determinations of biogenic amines in body
fluids. Nevertheless, some of the biogenic amines
in body fluids are below the detection limit of
conventional HPLC-ED systems, in particular,
biogenic amines in dialysates, collected by the
microdialysis technique. In order to accommo-
date the low levels of biogenic amines, continued
efforts have been made to improve HPLC-ED
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methodology. For example, HPLC miniaturiza-
tion has been subjected to intensive development
to achieve optimum detection limits and to
overcome the above problems. In addition, de-
velopments in column packing technology. reli-
able electrochemical detectors and simplified
sample clean-up procedures have facilitated
steady and encouraging progress in the minia-
turization of HPLC technology.

Miniaturization initiated the renaissance of
microbore column HPLC in the separation of
nucleotides performed by Horvath et al. [4Y] in
1967. Microbore columns (1.0 mm [.D.) were
then applied to the separation of urinary cat-
echolamines and their metabolites by Hirata er
al. [50] in 1980. Most recently, successful appli-
cations of microbore columns in the measure-
ment of biogenic amines and their metabolites
have been described [51,52]. The importance of
small internal diameter chromatographic col-
umns for LC has been demonstrated [53-55].
Compared with conventional analytical columns
of 3.0-4.6 mm L.D., a microbore column of
1.0-2.0 mm L.D. leads to an increase in detec-
tion sensitivity for biogenic amines and reduces
detection limits from picomolar to femtomolar
levels (as shown in Figs. 1 and 2) [56-58].

The term “‘microbore™ is somewhat a mis-
nomer, as it is commonly used to describe
columns of 0.5-1.0 mm L.D. and conventional
lengths (10-15 cm). The small internal diameter
and slow flow-rate offer a significant signal
enhancement in terms of reduced elution volume
and noise. Therefore, microbore columns are
able to facilitate the separation and determi-
nation of samples with extremely small volumes
and/or low concentrations of analytes [59,60].
Recently, femtomolar or even sub-femtomolar
detection limits for biogenic amines have been
achieved in the analyses of extremely small
pieces of tissues and small volumes of body fluids
[61,62].

Developments in microbore HPLC have been
facilitated by miniaturization of solvent delivery
[63,64], column packing [65-67]. sample injec-
tion [68,69] and micro-flow cell construction
[70,71]. Although these factors make microbore
HPLC techniques slow, the ability to work with
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Fig. 1. Comparison of microbore and conventional columns.

Sample loop (5 ul) with same amount of catecholamines (0.5
ng) injected on to the two columns, (A) BAS microbore
ODS column (100 x 1.0 mm L.D., 3 um), flow-rte 70 u1/min,
and (B) conventional ODS column (100 x 3.2 mm LD., 3
pm), flow-rate (.7 ml/min. (From Ref. [80].)

a small sample volume and small flow cell has
been improved dramatically in the past decade
[72.73]. Microbore HPLC-ED analysis has re-
sulted in steady, encouraging progress that has
led to sub-femtomole per injection detection
limits for biogenic amines [53-58,74-76].

The aims of this paper are to present an
overview and to describe the recent develop-
ments in microbore HPLC methodology, in
terms of advantages and limitations. Emphasis
has been placed on the practice of microbore
column HPLC-ED and its potential in future
biomedical applications.
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Fig. 2. Improvement in response to the Unilet detector cell
(right) over the classical BAS thin-layer cell (left) under
microbore conditions (100 p1/min) with all other conditions
held constant; 0.5 ul of I5 pg catecholamines injected.
(From Ref. [107].)

2. Microbore HPLC-ED practice
2.1. Solvent-delivery systems

A variety of commercially available pumps can
be applied to microbore column HPLC. Syringe
pumps are pulse-free and ideal for working with
microbore HPLC. Otherwise, pulseless solvent
delivery can be achieved either by the use of a
conventional pumping system with micropump
head(s) or by mechanical (or electronic) com-
pensation in a conventional pump to eliminate
pulses (<1%). The design of a steady solvent
delivery system is particularly challenging in
microbore column HPLC owing to the very low
flow-rates. For instance, a microbore column of
0.5 mm L.D. requires a flow-rate range between
10 and 30 ul/min. This flow-rate range can be
delivered without difficulty by syringe pumps or
by some commercially available pumps with very
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Fig. 3. Schematic diagram of flow splitting in HPLC-ED
using the BAS 200A system. Both columns should be
contained within the oven for the sake of precision. (From
Ref. [77]).

low pulsation. Fortunately, most of these pumps
function well in the laboratory. Alternatively, a
flow splitting method has been described (Fig. 3)
for providing the low flow-rates required for
microbore HPLC in conventional HPLC pump
systems [77]. Instead of using a micropump or
syringe pump, a conventional HPLC pump can
be connected to a T-shaped split to which two
columns (one microbore and one analytical col-
umn) are connected in parallel. For both micro-
bore and conventional columns, linear velocities
in the mobile phase are approximately the same,
with an overall mobile phase flow-rate of 0.5-1.5
ml/min. However, the true flow-rate of the
microbore column can be adjusted to 50-100
w1/min according to differences in the total flow-
rates and the columns’ cross-sectional areas. The
reproducibility of the flow-rates and retention
capacities of analytes are consistent for mi-
crodialysates and other clean samples [78]. How-
ever, this splitting technique is cumbersome
when dealing with tissues or other untreated
body fluids, which may clot the microbore col-
umns and produce irregular flow-rates or alter
the retention behaviour of eluates.

2.2. Mobile phases

Several approaches for manipulating chro-
matographic separations of biogenic amines and
their related compounds have been reported
[35,36,79,80]. In general, an isocratic separation
mode has been adopted for most HPLC-ED
biogenic amine studies. A gradient elution sys-
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tem is possible in conventional HPLC-ED,
whereas gradient elution in microbore HPLC-
ED may cause significant baseline drift at high
detection gain, fluctuating background noise and
difficulty in maintaining accurate flow-rates. In
addition, the mixer volume and connections
should be minimized to avoid distortion in the
response time. Some excellent studies con-
cerning these gradient problems can be found in
the literature [{81,82].

Occasionally, a number of electroactive inter-
ferences (substances) with diverse concentra-
tions, present in the samples, may cause prob-
lems in chromatographic separation. They often
obscure the peaks of interest. Therefore, a
modification of the mobile phase is often neces-
sary to optimize the separation of the analytes.
Many optimum mobile phase compositions have
been developed for conventional HPLC-ED
[83,84]. The effects of the mobile phase de-
scribed for conventional columns should be simi-
lar to those of microbore columns with the same
type of packing material. Theoretically, if an
appropriate separation can be obtained on a
conventional column, it should also be obtained
on a microbore column with the same mobile
phase.

Changes in the pH of the mobile phasc
produce changes in the retention behaviour of
each peak based on the charges of the analytes.
The concentration of ion-pairing agents is one of
the main variables affecting the retention of
analytes. In general, there are no problems in
separating dopamine and/or serotonin. which
are eluted sequentially from a reversed-phase
C,; column. For some weakly retained com-
pounds, such as NE, E. DOPA, VMA and
MHPG, separation may be difficult, leading to
false assignment or inaccurate measurement.
owing to co-elution of interferences. Modifica-
tion of the mobile phase. pH values, ion-pairing
agents or organic modifiers, to optimize the
separation of these compounds, is frequently
needed. The relative retention behaviours of a
variety of biogenic amines have been reported in
detail [83,84]. Three major mobile phase compo-
sitions with phosphate, citrate and monochloro-
acetate buffer systems have been well docu-

mented in the separation of biogenic amines and
related compounds [85].

2.3. Injection and connection

Dead volumes in the injector, microbore col-
umn and detector connections can severely de-
grade chromatographic resolution in microbore
HPLC. Thus, the connections and injection
systems for microbore HPLC must be carefully
considered [86,87]. A short stainless-steel capil-
lary sample transfer tube for sample introduction
has been employed by Ishii et al. [88]. A syringe
injection split injector, which allows a small
sample volume to be injected on to a microbore
HPLC. has been investigated by Tsuda and
Nakagawa [89]. A syringe needle split injector
providing satisfactory quantitative reproducibil-
ity has been reported by Yang [90]. Direct
injection of a small sample, of 70 nl, via an
internal loop is now available from Valco Instru-
ments (Houston, TX, USA). Direct injection of
I—10 ul samples on to typical microbore columns
(100 x 1.0 mm 1.D.) is possible for sample solu-
tions with a relatively strong solvent mobile
phase and/or a relatively weak solvent strength.

The ratios of the microbore column dead
volumes to the system volume play an important
role in overall LC system performance. In order
to minimize the injector dead volumes, a Rheo-
dyne Model 8125 injector can be used in a
microbore HPLC-ED system instead of the
more common Rheodyne Model 7125 injector
[91]. The diameters of the flow channels of the
Model 7125 are 0.46 and 0.61 mm and that in the
Model 8125 is 0.20 mm. Therefore, the disper-
sion of the Model 8125 is one fifth that of the
Model 7125. These injection systems ensure
reproducible injection volumes. eliminating one
possible source of error. Some types of conven-
tional injection valves have a greater area of
dead volume than others. Hence the injector and
injection valves must be selected with care.

Other dead-volume areas include those pro-
duced between the column and the injection
valve or the detector. Microbore columns can be
connected to the injector or cell using fused-
silica tubing and zero dead-volume fitting unions.
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Reducing the number of connections or the
length of connecting tubing also minimizes peak
broadening [92]. The BAS SepStik (Bioanalyti-
cal Systems, West Lafayette, IN, USA) is a new
type of microbore column, constructed from 1.59
mm O.D. steel tubing. It can be directly con-
nected to a sample injection valve and/or an
electrochemical cell without additional connect-
ing tubing or unions, thus minimizing the column
and system dead volumes [77].

2.4. Microbore column technology

Much of the interest in microbore HPLC has
been the result of increased mass sensitivity and
lower solvent consumption. In order to minimize
the extra-column effects, more attention must be
paid to pumps, injection valves (or autosampler),
connecting tubings, column hardware and flow
cells. Although there are many manufacturers of
microbore columns, most columns are still pre-
pared manually in analytical laboratories. Chro-
matographers can achieve sufficient sensitivity
and efficiency to acquire data, at a reasonable
cost, by packing their own microbore columns.
Columns can be easily repacked in order to
achieve economical efficiency. Analytical prac-
tice has demonstrated the difficulty in reducing
the system dead volume in microbore HPLC. A
better injector or an autosampler with narrower
connecting tubing must be designed at the ex-
pense of lower sample volume and mass sen-
sitivity. Indeed, shorter connecting tubing results
in satisfactory data, owing to increased mass
sensitivity and reduced peak dispersion.

An electrochemical detection unit seems more
suitable for coupling to a microbore HPLC
system than any other conventional detector. In
general, an amperometric flow-cell detector is
easily adapted to sample zones below 100 nl. In
addition, with an electrochemical detector, more
time is available for the analytes to react at the
electrode at a decreased flow-rate, hence the
coulometric yield will increase. The lower flow-
rates also provide signal enhancement. In fact,
commercial amperometric detectors are readily
adapted to microbore HPLC.

Microbore column-packing procedures have

been studied by many investigators [65-67,93].
The quality factors of the packing material
include base silicas, particle shape (spherical or
irregular), particle size (3-10 wpm), surface
coverage, end-capping and monomeric or poly-
meric phases. In addition, conditioning, drying
and activation of an appropriate packing materi-
al have been extensively described [94,95]. In
fact, there have been studies concerning difficul-
ties in reproducing complex separations when
changing batches of C,; packing material or
packing procedures [65,66]. A good rule to
follow is to pack a number of microbore columns
by appropriate slurry packing procedures. In
general, slurry made of 1-5% C,; packing ma-
terial, in 1-2 ml of acetone (or 2-propanol or
methanol), is pressed and filtered off in the
column, followed by passing 10-20 ml of acetone
(or 2-propanol or methanol) through the col-
umn. After 10-20 ml of solution have passed
through the column, and after all pressure has
been relieved from the lines, the column packing
procedure is completed. A 0.5-1-mm frit is
inserted into the end of the column. Microbore
columns can be packed at very high pressure
(400-1000 MPa). The general method described
above provides good microbore columns (0.3-
1.0 mm L[.D.) with a range of 10000-50 000
theoretical plates per metre compared to 5000-
10000 theoretical plates per meter in conven-
tional HPLC [93]. Detailed procedures for pack-
ing microbore columns have been described [65—
67,96-98]. The use of microbore columns allows
one to take advantage of signal enhancement,
noise reduction and high sample throughput. As
a result, decreased detection limits and shorter
analysis times can be obtained. The life of
microbore columns depends on the degree of use
and the procedures for clean-up of the loaded
samples.

2.5. Electrochemical detectors

Amperometric and coulometric detectors have
been reviewed by Kissinger [99-101]. Am-
perometric detectors are the most commonly
used electrochemical detectors in HPLC. An
amperometric detector usually consists of an
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Fig. 4. Diagram of a thin-layer cell for electrochemical
detection with HPLC. Dual electrodes can be arranged in
parallel or series. (From the BAS-4C manual.)

electrode, which is part of a channel wall,
formed by a fluorocarbon gasket (typically 50-80
nm) between two inert plastic blocks (Fig. 4)
[101]. The dead volume of this type of detector is
typically less than 1 wul. Under conventional
HPLC conditions, these detectors convert 1-5%
of the electroactive species present in solution
[99]. Because of the small elution peak volume
obtained from microbore columns, the electro-
chemical detector must be miniaturized to allow
only a minimum extra-column contribution to
peak broadening. The cell volume can be re-
duced to 0.15-0.25 ul by using a thinner gasket
(12-16 pm). In general, a flow-cell volume of
the order of 0.15-1 ul is required for columns of
1 mm [.D., and <0.1 ul is desirable for columns
of <0.5 mm L.D. [102].

Coulometric detectors attempt to achieve
100% conversion of electroactive species of
interest. The cell design allows a large active
electrode surface area to be exposed to the
solution, which leads to a higher background

current and more noise. Coulometric detectors
have been used successfully by several inves-
tigators [103-105]; however, the dead volume of
coulometric detectors is typically larger than 2
pl. The performance of a microbore column in
coulometric detectors can be strongly influenced
by the extra-void volume broadening [92].

New electrochemical detectors have been de-
veloped for microbore HPLC-ED. The Antec
Decade (acronym for digital electrochemical
amperometric detector) (Analytical Technology,
Leiden, Netherlands) contains a number of im-
portant features for maximizing the sensitivity
and selectivity of microbore HPLC-ED. The
Decade has been claimed to represent a new era
in microbore and capillary HPLC-ED for ultra-
trace analyses [106]. The BAS UniJet
(Bioanalytical Systems) (Fig. 5) is a new electro-
chemical detector with a miniaturized flow cell,
providing a convenient platform for on-line elec-
trochemical detection for microbore HPLC-ED
[107]. A centrosymmetric radial flow thin-layer
geometry is used with a solid reference elec-
trode. Both of these new electrochemical detec-
tors are capable of lowering the detection limit
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Fig. 5. Unilet amperometric detector cell for microbore
HPLC. (From Ref. [107].)
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of biogenic amines to 107" M (or <0.05 pg per
injection).

2.6. Sample preparation procedures

For the determination of biogenic amines in
tissues and biological fluids, a number of pre-
treatment protocols have been suggested and
tried [108~114]. In order to achieve the best
results, one has to consider the chemical nature
of the analytes, the biological matrix and the
possible presence of interfering compounds
[115]. Furthermore, the selectivities of the
HPLC-ED system should be considered in terms
of procedures for clean-up of the samples. Sin-
gle-step clean-up procedures are often used, but
it should be borne in mind that two-step or
multi-step clean-up procedures are often re-
quired. These clean-up methods require sample
purification by means of ion exchange [108,109]
or organic solvents [110.111], or extraction pro-
cedures with alumina [112,113]. Biogenic amine
levels in biological fluids and tissue samples are
diverse. As some are far below the detection
limits of conventional HPLC systems, detection
requires a large volume of the sample to allow
the tedious pretreatment or preconcentration
procedures. Recent developments with in vivo
microdialysis and ultrafiltration procedures have
produced clean samples, without further pre-
treatment, in very small volumes and with low
concentrations of compounds of interest
[116,117]. These clean samples are highly suit-
able for microbore column separation.

2.7. Temperature control

Temperature control in HPLC may be the
most neglected factor. Many chromatographs are
used with columns exposed to the air [101].
Therefore, electrochemical redox processes and
electrode responses are adversely influenced by
temperature changes in HPLC-ED. Microbore
columns are most severely influenced by tem-
perature changes. Changes of a few degrees
affect a number of factors, such as diffusion
coefficients, thermodynamics (retention time),
redox kinetics (peak width) and background

noise, which may significantly compromise
quantification statistics. In fact, we have often
observed these changes in our laboratories
[116,117]. Therefore, both the microbore column
and the detector cell should be thermally con-
trolled. The BAS-200 (Bioanalytical Systems)
and the Decade (Antec) come complete with an
oven/Faraday cage for eliminating temperature
fluctuations and external electrical interferences.

3. Microbore HPLC-ED analysis of biogenic
amines

Microbore HPLC-ED has become very im-
portant for biomedical applications. High-speed
separation is typical in microbore columns with
conventional length (10-15 cm). These column
sizes have recently been adopted for many
biogenic amine assays [118,119]. Separations of
biogenic amines can be accomplished in 1-2 min,
or less, using more efficient microbore columns
(14 X 1.0 mm 1.D.) [120,121]. The driving forces
for the rapid developments in microbore column
HPLC-ED include very low detection limits,
highly efficient separation power and lower sol-
vent consumption. Applications of this technique
for measuring biogenic amines in blood, tissues
and cerebrospinal fluid are becoming increasing-
ly popular.

3.1. Blood samples

In many laboratories, measurements of plasma
serotonin, catecholamines and their metabolites
have become routine. These samples contain
thousands of compounds and proteins that are
irrelevant to routine analysis. Therefore, large
sample volumes for pretreatment and clean-up
procedures are necessary to remove contami-
nants prior to HPLC assay. The amounts of
biogenic amines and related compounds in blood
are at trace levels in healthy subjects. In addi-
tion, blood sample volumes are frequently lim-
ited with experiments in small animals. There-
fore, the analysis of biogenic amines must be
performed close to the detection limit of a
conventional HPLC-ED system. Plasma DA
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and E have seldom been observed by means of
HPLC-ED owing to the detection limits
[17,122,123]. Microbore columns offer improved
detectability for small sample amounts and trace
concentrations. For instance, microbore HPLC-
ED is suited to the analysis of plasma NE, E and
DA, by a conventional alumina extraction meth-
od, at levels of a few pg/ml [124].

3.2. Tissue and cerebrospinal fluid

Evidence from neurochemical studies of post-
mortem brain, measurements of biogenic amines
from brain tissue and cerebrospinal fluid (CSF)
have suggested that biogenic amines play
etiological roles in many psychiatric and neuro-
logical disorders [1-4,14-17]. Biogenic amines in
brain tissue and CSF have been analysed by
conventional HPLC with a fluorimetric detection
or ED [125,126]. However, measurements of
some biogenic amines in CSF have met with
inconsistent results. For instance., mean 5-HT
levels in human lumbar CSF in healthy subjects
have been reported to be in the range 0.05-12
ng/ml by HPLC-ED [127-130]. An inter-lab-
oratory comparison study was carried out to
determine mean 5-HT levels in lumbar CSF by
microbore HPLC-ED [123]. The results showed
that the mean concentration of CSF 5-HT should
be less than 10 pg/ml. The mean 5-HT value and
even the upper limit of this study were substan-
tially lower than in all previous reports con-
cerning normal human lumbar CSF [128-130].
Hence the extremely low concentrations of
biogenic amines present in CSF may be accu-
rately measured by microbore HPLC-ED. These
results also shed light on the reinvestigation of
the relevance of CSF and brain trace neuro-
transmitters to brain functions.

3.3. Microdialysates and ultrafiltrates

Microdialysis, as a new sampling technique,
has come into widespread use for monitoring
biogenic amines in various tissues and fluids, and
also the release of peptides, drug levels for
pharmacokinetics and a variety of chemical sub-
stances. It has become routine to isolate a few

microliters of dialysate from a living animal using
an in vivo microdialysis sampling technique
[131-133]. Sample preconcentration is not
practical with small volumes of dialysates. In
addition, it is often necessary to determine
amounts of individual compounds in the fem-
tomolar range or below. Indeed, most publi-
cations from laboratories active in microdialysis
suggest that microbore HPLC is the most general
analytical method of choice. Over half of the
microdialysis applications concern the analysis of
biogenic amines by HPLC-ED. Many research-
ers wish to determine many analytes simultan-
eously within a dialysate. However, there is a
need to analyze samples of very low concen-
tration at which conventional columns (250 % 4.6
mm [.D.) have no place in most microdialysis
applications. For example, the basal concentra-
tion of DA in rat striatum was estimated to be in
the range 5-10 nM. Under normal conditions
that included a 1-2-mm microdialysis probe with
a 0.5-1 ul/min perfusion rate (the in vivo
recovery was roughly estimated as 5-15%), and
S pl of dialysate available for HPLC-ED, the
results showed approximately 1.3-7.5 fmol of
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Fig. 6. Typical chromatogram of rat striatum dialysate con-
taining DA and 5-HT. BAS microbore column; flow-rate, 70
pl/min; 5-ul sample loop. (A) Blank; (B) dialysate. (From
Ref. [80].)
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DA (Fig. 6) [60,62]. The basal levels of 5-HT in
striatum or dosal vagal complex were also esti-
mated to be 0.1-1.0 fmol per 5 ul of dialysate
[60,62,134] (Fig. 7). Microbore column HPLC-
ED was applied to investigate the above esti-
mates with more than a 20-fold increase in the
detection limit, when compared with convention-
al HPLC-ED [134].

Ultrafiltration (UF) techniques have been
widely applied to plasma processing for drug
monitoring assays [135,136]. The membrane role
of the ultrafiltration is to act as a selective
barrier, enriching certain compounds and deplet-
ing others [137]. This is very attractive for the
isolation of small and hydrophilic molecules
owing to the discrimination against high-molecu-
lar-mass substances, such as proteins and sus-
pended matter, on the basis of size. Recently,
UF probes were constructed and implanted in
subcutaneous tissue to monitor glucose and cat-
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Fig. 7. Typical chromatogram of rat striatum dialysate col-
lected 5 h after perfusion: 4.3 fmol of 5-HT were observed.
BAS microbore column; flow-rate, 70 wl/min; 5-ul sample
loop. (From Ref. [77].)

echolamines in living animals and human sub-
jects [138,139]. Ultrafiltration techniques have
also been applied to the measurements of
biogenic amines and their metabolites in rat, cat
and human plasma [116,117,140,141]. The col-
lected dialysates or ultrafiltrate samples were
free of protein and can be directly injected into
the HPLC-ED system. Ultrafiltration techniques
could be incorporated into a variety of pharma-
cological, physiological and behavioral ex-
perimental designs.

4. Conclusion

Since the first application of HPLC-ED, it has
become an increasingly important analytical tool
in neuroscience. Recently, microbore HPLC-
ED has become the method of choice for the
determination of trace biogenic amines and their
metabolites. The ease of sample preparation,
versatility of applications, sensitivity and ease of
equipment maintenance make microbore
HPLC-ED popular in neurochemical research.
In early studies, problems with the specificity
and sensitivity of the analytical procedures were
responsible for the lack of agreement and ac-
curacy in the results of different researchers.
With the advantages of microbore HPLC-ED
with regard to sensitivity and selectivity, these
difficulties are now behind us. Henceforth, we
may focus our aims on difficulties apparent in the
multifactorial nature of disease states, and on
persistent differences in experimental criteria
employed by different groups. In addition, sever-
al factors, such as age, gender, diet and drug
interactions, are known to affect the concen-
trations of biogenic amines and their metabolites
in the body. Although very significant progress
has been made recently, there is still room for
improvement in microbore HPLC-ED. Sim-
plified sample work-up procedures and more
reliable microbore columns with sufficient sepa-
ration power are two major areas where further
work is needed. It is our belief that the mi-
crodialysis technique and ultrafiltration tech-
niques coupled with the microbore HPLC-ED
system may become essential for overcoming
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analytical limitations in the determination of
diverse concentrations of biogenic amines and
related compounds.
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