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Abstract
Simultaneous determination of biogenic monoamines such as dopamine, serotonin, and 3-
methoxytyramine in brain is important in understanding neurotransmitter activity. This study
presents a sensitive determination of biogenic monoamines in rat brain striatum microdialysates using
capillary high-performance liquid chromatography with the photoluminescence following electron-
transfer detection technique. Separation conditions were optimized by changing the concentration
of an ion-interaction agent and the percentage of an organic modifier. The high concentration of ion-
interaction agent enabled the amines as a class to be separated from interfering acids, but also made
the separation very long. To shorten the separation time, 10% (v/v) acetonitrile was used as the
organic modifier. Eight chromatographic runs during a 3-h period were analyzed in terms of retention
times, peak heights, and peak widths. Chromatograms are very reproducible, with less than 1%
changes in peak height over 3 h. Typical concentration detection limits at the optimum separation
conditions were less than 100 pM for metabolic acids and ~200 pM for monoamines. The injection
volume of the sample was 500 nL. Thus, the mass detection limits were less than 50 amol for
metabolic acids and ~100 amol for monoamines. Typical separation time was less than 10 min. To
validate the technique, the separation method was applied to the observation of drug-induced changes
of monoamine concentrations in rat brain microdialysis samples. Local perfusion of tetrodotoxin, a
sodium channel blocker, into the striatum of an anesthetized rat decreased dopamine, 3-
methoxytyramine, and serotonin concentrations in dialysates. Successive monitoring of striatal
dialysates at a temporal resolution of 7.7 min showed that the injection of nomifensine transiently
increased dopamine and 3-methoxytyramine concentrations in rat brain dialysate.

Biogenic monoamines, such as dopamine (DA) and serotonin (5HT), play important roles as
major neurotransmitters in the mammalian central nervous system.1 Reliable measurement of
extracellular neurotransmitter concentration is thus important in understanding the central
nervous system and its underlying physiology.

Several methods have been used to monitor the extracellular level of neurotransmitters and
their metabolites without separation.2–5 However, some neurons do not contain only one
neurotransmitter; thus, changes in the neurotransmitter concentrations are often interrelated.
Moreover, the real biological response is more likely due to the interplay of all the released
neurotransmitters. Therefore, it is highly desirable to monitor the level of several
neurotransmitters simultaneously. Measuring extracellular concentrations of neurotransmitter
metabolites, including 3, 4-dihydroxyphenylacetic acid (DOPAC), 3-methoxytyramine
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(3MT), 5-hydroxyindole-3-acetic acid (5HIAA), and homovanillic acid (HVA), is also
important in understanding the metabolic pathways and their kinetics.6

Since the first successful combination of microdialysis and high-performance liquid
chromatography (HPLC) in 1980s,7 the technique has been most widely used in the study of
neurotransmitters and their metabolites. Typical detection methods are electrochemical
detection (HPLC-EC)8,9 and fluorescence detection (HPLC-FL).10–12 The high sensitivity
and selectivity of HPLC-EC is beneficial, but its reliability is compromised due to electrode
fouling. On the other hand, the utility of HPLC-FL is dictated by the availability of suitable
fluorescent labels. Analytes can be derivatized, but it requires multiple sample treatment steps
and can induce extra band broadening if it is done after separation.

The photoluminescence following electron-transfer (PFET) technique,13,14 developed in our
laboratory, is a useful detection scheme for electrochemically active molecules. A fluid stream
containing a homogeneous oxidant is mixed with chromatographic eluent in a diffusion-
controlled mixer. The oxidant is subsequently reduced allowing photoluminescence upon
optical excitation, which is quantitatively measured and recorded. No surface reaction is
involved in the PFET process; thus no electrode fouling can happen. Also, PFET detection
does not include derivatization steps, but rather an electron-transfer reaction. As long as the
analyte can be oxidized by the homogeneous oxidant, which is true for many neurotransmitters
and their metabolites, the PFET technique can be applied after separation with negligible band
broadening.15,16

In the present study, we report the successful combination of capillary HPLC with tris(2,2′-
bipyridine)osmium(III) (13+) as the postcolumn PFET reagent. Capillary HPLC is especially
suited for the analysis of biological samples due to its small sample load volume and high
sensitivity.17,18 Rat brain microdialysis samples were analyzed to show the effectiveness of
the system by monitoring the changes in neurotransmitter concentrations under previously
characterized conditions. The PFET approach has competitive detection limits (both mass and
concentration) and is both rapid and reproducible.

EXPERIMENTAL SECTION
Reagents

All chemicals from commercial sources were used as received without further purification
except where noted. Reagent and sources were as follows: trifluoroacetic acid (TFA) from
Acros (Geel, Belgium); monochloroacetic acid from Mallinck-rodt (St. Louis, MO);
acetonitrile, 2-propanol, and sodium acetate from EMD (Gibbstown, NJ); 1-propanol, lead
dioxide, sodium hydroxide, glacial acetic acid, and disodium EDTA from J. T. Baker
(Phillipsburg, NJ); tetrodotoxin (TTX; with citrate) from Alomone Labs (Jerusalem, Israel);
sodium perchlorate from Aldrich (Milwaukee, WI); chloral hydrate, nomifensine, dopamine
hydrochloride, DOPAC, serotonin hydrochloride, 3-methoxy-tyramine hydrochloride,
5HIAA, HVA, and sodium 1-octane-sulfonate (SOS) from Sigma (St. Louis, MO). Sodium
perchlorate was recrystallized from methanol once to remove chloride. All aqueous solutions
were prepared with deionized water (18.2MΩ resistivity) from a Millipore Milli-Q Synthesis
A10 system (Billerica, MA).

Preparation of Metal Polypyridyl Complexes
Os(bpy)3- (PF6)2 (1) was prepared and recrystallized in our laboratory according to previously
reported procedures.19 Crystals of the osmium complex were dissolved in acetonitrile to make
a 1.0 mM stock solution. Aliquots of the stock solution were diluted in an acidic electrolyte
solution (0.2% TFA and 0.1 M NaClO4 in acetonitrile) to prepare the PFET reagent solution.
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The resulting solution was used after passing a disposable 0.45-μm PTFE/PP syringe filter
(Chrom Tech, Apple Valley, MN).

Chromatographic System
Two HPLC pumps (models 590 and 600/626S, Waters, Milford, MA) or a syringe pump (model
100DM, Isco, Lincoln, NE) with simple tees as flow splitters delivered solutions at ~1 μL/min.
One pump was used to deliver the mobile phase and another to deliver the PFET reagent. As
flow splitting was used, the flow rate from each source was frequently checked by measuring
the volume of solutions delivered in a specific time, to ensure the correct flow rate is maintained
during experiments. Flow rates were typically between 0.95 and 1.05 μL/min in both
chromatography and postcolumn reactor.

Homemade capillary columns were packed by previously described techniques17 using 100-
μm-i.d., 360-μm-o.d. fused-silica capillaries (Polymicro Technologies, Pheonix, AZ) as the
column blank. The column was slurry packed with reversed-phase particles at 3000–4000 psi
using a constaMetric III metering pump (LDC Analytical, Riveria Beach, FL)15 and connected
directly to an Upchurch loop microinjector (Oak Harbor, WA), which introduced 500 nL of
each sample into the column.

A capillary Taylor reactor was used to mix the chromatographic eluents and the postcolumn
PFET solution. It was prepared according to the previously reported procedure.15,16,20 The
ends of two 18-μm tungsten wires (Goodfellow, Devon, PA) were each threaded into two 50-
μm fused-silica capillaries (Polymicro Technologies). The other ends were both threaded into
another 50-μm fused-silica capillary to form a Y-shaped device. The third capillary was coated
with a transparent polymer (Polymicro Technologies). The junction between three capillaries
was placed in a piece of dual shrink/melt tubing (Small Parts, Miami Lakes, FL). After
sufficient heat was applied and the device was allowed to cool, the tungsten wires were removed
to create fluid conduits of 18-μm diameter between 50-μm capillaries. The reaction length was
set at 8 cm from the confluence according to the previous study.16

Optical Detection Setup
A laser beam from a 30-mW variable-power blue-line argon ion laser (model 2201-30BL,
Cyonics/Uniphase, San Jose, CA) passed through a 488-nm band-pass filter and was focused
onto an optically transparent capillary. Photoluminescence from 12+ was measured using an
epifluorescence optical setup: a microscopic objective lens (Plan Neofluar 20×, NA 0.5, Carl
Zeiss, Thornwood, NY) focused the optical emission from the capillary and a combination of
a dichroic mirror (cutoff at 500 nm) and optical filters (a 600-nm long-pass filter and a 750-
nm band-pass filter, angle tuned) passed the photoluminescence into an IR-sensitive
photomultiplier tube (R374, Hamamatsu, Bridgewater, NJ). A Keithley 6485 picoammeter
(Cleveland,OH) converted photocurrent from the photomultiplier tube to a dc voltage signal.
An IBM-compatible computer with a PeakSimple Chromatographic Data System (SRI
Instruments, Torrance, CA) collected the dc signal after a 0.4-Hz eight-pole low-pass filter
(Wavetek 852 dual filter, San Diego, CA).

Chromatographic Conditions for Separation of Mono-amines
The capillary column was slurry packed to 7.6 cm with 2.6 μm XTerra MS-C18 (Waters)
reversed-phase particles. Aqueous buffers containing 100 mM sodium acetate or a mixture of
sodium acetate and monochloroacetic acid (total concentration of 100 mM), 0.15 mM disodium
EDTA, and SOS (pH was adjusted with glacial acetic acid or concentrated NaOH solution)
were mixed with organic modifiers, such as acetonitile or methanol. The mobile phase was
passed through a Nylon filter with 0.45-μm pores (Osmonics, Minnetonka, MN).
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Chromatographic Standard Samples
Stock solutions of 1.0 mM analytes were prepared in 0.1 M acetic acid and stored frozen. The
frozen stock solutions were thawed before each use and were diluted to desired concentrations
in degassed solutions. Typically, successive 10-fold dilutions were made using 0.1 M acetic
acid except the final dilution, where artificial cerebrospinal fluid (aCSF), was used to mimic
the sample matrix of the microdialysis samples. The aCSF contained 145.0 mM NaCl, 2.7 mM
KCl, 1.0 mM MgCl2, 1.2 mM CaCl2, 0.45 mM NaH2PO4, and 1.55 mM Na2HPO4 at pH 7.4.

Animal and Surgical Procedures
All procedures involving animals were conducted with approval of the Institutional Animal
Care and Use Committee of the University of Pittsburgh. Male Sprague–Dawley rats (250–
375 g, Hilltop, Scottdale, PA) were anesthetized with chloral hydrate (initial dose of 300 mg/
kg ip with additional doses of 50 mg/kg ip as needed to maintain anesthesia) and wrapped in
a homeothermic blanket (EKEG Electronics,Vancouver, BC, Canada). The rats were placed
in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) with the incisor bar set at 5 mm
above the interaural line,21 and appropriately placed holes were drilled through the skull.

Microdialysis
Vertical concentric microdialysis probes (220-μm o.d., 4 mm long) were constructed with
hollow fiber dialysis membrane (Spectra-Por RC hollow fiber; MWCO 13 000; 160-μm i.d.;
Spectrum Laboratories Inc., Rancho Dominguez, CA) and fused-silica outlet lines (150-μm
o.d., 75-μm i.d., Polymicro Technologies). The microdialysis probe was implanted into the
striatum, a brain region richly innervated by dopamine neurons, over a period of 30 min to the
following coordinates: 2.5 mm anterior to bregma, 2.5 mm lateral from midline, and 7.0 mm
below dura. The probe was perfused with aCSF at 0.586 μL/min for at least 2 h before samples
were collected for analysis. Tetrodotoxin (100 μM) was delivered directly to the striatum by
adding it to the microdialysis perfusion fluid. Nomifensine (20 mg/kg, ip) was prepared in
phosphate-buffered saline. All brain dialysate samples were collected in vials containing a
volume of 0.10 M acetic acid equal to 10% of the intended sample volume. The typical volume
of the dialysis samples was 5 μL unless otherwise noted. For nomifensine experiments, four
consecutive samples were collected from an anesthetized rat brain striatum at an interval of 15
min to monitor basal levels of monoamines. After the ip injection of nomifensine, the sampling
interval was reduced to 7.7 min to increase the temporal resolution. The dialysate samples were
stored in an ice bath for immediate analysis or frozen for future use.

RESULTS AND DISCUSSION
Optimizing the Separation Conditions

The separation conditions for the biogenic monoamines were optimized using three parameters:
pH of the mobile phase, the SOS (ion-interaction agent) concentration, and the percentage of
organic modifier. The major technical problem in the separation was that the brain dialysates
contained interfering compounds, including amines and acids. Retention times of solutes
usually depend on pH, according to their pKa values. However, a previous study proved that
the PFET system works best at acidic conditions.13,22 The pH values of the mobile phases
tested were thus limited to a range of pH from 3.0 to 5.0. Generally, in this range acids are
retained less at higher pH while the retention of amines is not influenced much by changes in
pH.

A more effective optimization could be achieved by changing the SOS concentration and the
organic modifier content. SOS is known to retain ammonium ions electrostatically. Thus, a
high concentration of SOS makes monoamines as a class separate from acids. The SOS
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concentrations of the mobile phases were from 0 to 10 mM. Successful separations of
monoamines and metabolic acids in standard samples (DA, DOPAC, HVA, 3MT, 5HT,
5HIAA) were achieved with a mobile phase at low or intermediate concentrations of SOS.
However, application of the same separation condition to the rat brain dialysates was not
successful. The concentrations of uric acid, ascorbic acid, and the acidic metabolites in the
brain dialysates are much higher than the concentrations of monoamines, typically a few orders
of magnitude higher. Thus, monoamine peaks were usually buried by huge peaks of metabolic
acids, and quantification of the peaks was difficult. This problem was solved by using a high
concentration of SOS to retain the monoamines even longer in the column: the monoamines
were eluted even later than the typical late runner, HVA. The use of SOS at high concentration,
however, resulted in a very long chromatographic run and band broadening of the more retained
monoamines. Thus, organic modifiers, methanol and acetonitrile in this study, were used to
shorten the chromatographic run time. The optimum organic modifier was 10% (v/v)
acetonitrile. A typical isocratic chromatographic run time for a standard mixture was less than
7 min. Using organic modifiers not only shortened the chromatographic run times but also
achieved on-line preconcentration of analytes: since the injection solution did not contain any
organic solvents, injected analytes were concentrated at the front of the column until the more
hydrophobic mobile phase eluted the analytes. Thus, peak volumes of analytes are smaller than
the injection volume. Figure 1 shows a typical optimized separation of standard analytes.

Reproducibility, Linearity, and Detection Limits
The chemistry of the detection is more thoroughly explained in the accompanying paper.22
For the determination of monoamines, the reproducibility of a method is very important. Table
1 shows the variability of the retention times, the peak heights, and the peak widths (full width
at half-maximum, fwhm) for eight chromatographic runs during a 3-h period. Some of the eight
chromatograms are consecutive. Chromatograms are very reproducible, with changes in peak
height less than 1% of over the 3-h period. This is remarkable reproducibility for a nominally
electrochemical detection technique.

A calibration fit revealed the linearity of the detector and the detection limits. Standard
solutions containing DA, 3MT, and 5HT from 0 to 100 nM were injected, and the resulting
peak heights were analyzed. Typical regression equations for peak heights versus
concentrations (mV/nM) were as follows: y = 4.88x + 0.06 (r2 = 1.000) for DA, y = 3.64x –
5.06 (r2 = 0.997) for 3MT, and y = 5.99x – 2.37 (r2 = 0.999) for 5HT.

The concentration detection limits for monoamines were calculated from the calibration fit,
and those of metabolic acids were from a standard injection containing 100 nM analytes using
a signal-to-noise ratio of 3. Typical concentration detection limits were 62 pM for DOPAC,
41 pM for 5HIAA, 55 pM for HVA, 180 pM for DA, 250 pM for 3MT, and 150 pM for 5HT.
The injection volume of the sample was 500 nL. Thus, the mass detection limits were 31 amol
for DOPAC, 21 amol for 5HIAA, 27 amol for HVA, 92 amol for DA, 120 amol for 3MT, and
75 amol for 5HT.

Analysis of Rat Brain Microdialysates
The optimized chromatographic conditions were used to determine monoamine concentrations
in rat brain dialysates. Figure 2 shows the chromatograms of dialysates from a rat brain striatum
before and after local infusion of TTX for ~60 min. Local infusion of TTX caused a significant
decrease of monoamine concentrations in the microdialysate samples: basal levels of DA, 3MT,
and 5HT were 10.6, 3.6 and 1.2 nM, respectively, while concentrations of the same compounds
after local infusion of TTX were 3.1, 1.6, and 0.6 nM. Concentrations are not corrected for in
vitro probe recovery. Generally accepted literature values for basal microdialysate
concentrations of DA and 5HT in rat brain striatum are 5–12 and 0.2–6 nM.3,23,24
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The small injection volume of the capillary HPLC, combined with a short HPLC analysis time,
enabled the consecutive analysis of the samples. Our optimized HPLC-PFET method was
applied to monitor the drug-induced changes of the monoamine concentrations. Figure 3 shows
the concentration changes of the monoamines upon the injection of nomifensine, a dopamine
reuptake blocker. The dopamine level increased by ~10 times soon after nomifensine was
injected and gradually relaxed to a value still higher than the basal level of dopamine. The
concentration of 3MT changed with the same time course as that of DA. Typical
chromatograms from the analysis are presented in Figure 4. All the solutes were eluted in 9
min; thus, the total analysis time for all 16 chromatographic runs was less than 2.5 h (9 min
×16 = 144 min).

Comparison with Other Techniques
The utility of the detection method can be assessed by several factors: (1) concentration or
mass detection limits, (2) sample requirements, (3) variety of detectable analytes, and (4)
analysis time. The capillary electrophoresis (CE) combined with laser-induced fluorescence
technique generally showed good mass detection sensitivity, typically ~300 amol of
catecholamines.25–28 This is mainly due to the small sample volume for CE. Nonfluorescent
catecholamine analytes were successfully derivatized with naphthalene-2,3-dicarboxaldehyde
(NDA) before separation. The relatively fast reaction of NDA, on the order of few minutes,
was successfully combined with an on-line derivatization technique to achieve continuous
detection of catecholamines with a temporal resolution of 20 s.27 However, the NDA
derivatization technique is highly selective: DOPAC, a very important dopamine metabolite,
cannot be derivatized due to the lack of a primary amine.29 Serotonin could not be derivatized
either. Thus, simultaneous detection of catecholamines and indoleamines with their
metabolites is not possible. Serotonin was reported to be derivatized with fluorescein
isothiocyanate,30 but its detection limit was on the order of 20 nM with a 2-h derivatization
time.

Table 2 shows a summary of the comparison of PFET to the best fluorescence approach and
the most recent electrochemical detector approaches. Yamaguchi, Kehr, and co-workers
presented a successful precolumn derivatization technique for catecholamines, indoleamines,
and their metabolites combined with HPLC.12,31,32 The two-step derivatization involves
reactions of benzylamine and 1,2-diphenylethylenediamine. This technique enabled
simultaneous detection of many neurotransmitters and their metabolites with very good
detection sensitivity. Typical mass detection limits are ~100 amol with 10–20-μL injections.
However, the technique is limited due to the long analysis time and pretreatment steps. The
derivatization step takes ~20 min at elevated temperature (50 °C), and the chromatographic
run time is ~50 min.

HPLC-EC is one of the most widely used techniques for neurotransmitter detection, because
there is no need for sample pretreatment. Simultaneous detection of various neurotransmitters
and their metabolites is possible in ~20 min depending on the separation conditions.6,33
Typical detection limits are ~1 nM (see Table 2), but careful optimization of the separation/
detection conditions34–36 and modification of an electrode surface37 enabled the even higher
detection sensitivity of subnanomolar concentrations. Innovations in cell design24,38 also
improved the detection sensitivity to lower than 100 pM. The typical sample injection volume
was 10 μL. In one case, the injection volume was 200 nL,38 however, the technique uses redox
recycling and thus it is limited to reversible couples. Furthermore, it was not applied to real
samples.

The performance of PFET combined with a capillary HPLC system is comparable to that of
the best HPLC-EC or HPLC-FL: its typical detection limits are ~100 pM (with 500-nL injection
volume) with a short analysis time of less than 10 min. Aside from the good detection
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performance, the technique is remarkably robust. Chromatographic parameters (retention, peak
shape, sensitivity) are reproducible. There is no electrode fouling problem and no need for a
pretreatment step before injection.
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Figure 1.
Typical chromatogram of a standard injection sample, containing DA, DOPAC, 3MT, HVA,
5HT, and 5HIAA, each at 100 nM. Separation conditions were as follows. Column: 100-μm-
i.d., 7.6-cm-length capillary column packed with XTerra MS-C18 reversed-phase particles.
Mobile phase: pH 4.0 aqueous buffer containing 100 mM sodium acetate, 0.15 mM disodium
EDTA, and 10.0 mM SOS, mixed with 10% (v/v) acetonitrile. Flow rate: 1 μL/min. Injection
volume: 500 nL.
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Figure 2.
Chromatograms of rat brain dialysates (a) before and (b) after the local infusion of TTX for 60
min. TTX decreased the DA concentration to ~30% of basal level and other monoamines to
~50%.12 Separation conditions were the same as in Figure 1.
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Figure 3.
Concentration changes of the monoamines in the rat brain striatum dialysates after injection
of nomifensine. Injection time of nomifensine is marked as time 0.
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Figure 4.
Typical chromatograms of rat brain dialysis (a) before and (b) after the injection of
nomifensine. Separation conditions were same as in Figure 1.
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Table 1
Reproducibility of the Chromatographic Retention and the Detector Sensitivitya

analytes retention time (min) peak height (mV) fwhm (s)

DOPAC 1.78 (0.00) 546 (3) 3.48 (0.00)
5HIAA 2.31 (0.00) 811 (5) 4.10 (0.09)
HVA 2.56 (0.00) 494 (3) 4.23 (0.10)
DA 3.07 (0.00) 183 (1) 7.86 (0.08)
3MT 5.45 (0.00) 133 (1) 7.86 (0.12)
5HT 5.95 (0.01) 291 (2) 9.42 (0.11)

a
Eight chromatographic runs of 50 nM mixture samples were analyzed. Values in the parentheses are standard errors of the mean for eight repeats.

Separation conditions were slightly different from Figure 1. Mobile phase contained the aqueous buffer of 100 mM sodium acetate, 0.15 mM disodium
EDTA, and 7.0 mM of SOS at pH 4.0, mixed with 87.5:12.5 (v/v) acetonitrile. Capillary column was slurry packed to 9.5 cm with 3-μm AlltimaC18.
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