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Abstract

Microdialysis is often applied to understanding brain function. Because neurotransmission 

involves rapid events, increasing the temporal resolution of in vivo measurements is desirable. 

Here, we demonstrate microdialysis with on-line capillary liquid chromatography for the analysis 

of one-minute rat brain dialysate samples at one-minute intervals. Mobile phase optimization 

involved adjusting the pH, buffer composition, and surfactant concentration to eliminate 

interferences with the dopamine peak. By analyzing electrically evoked dopamine transients 

carefully synchronized with the switching of the on-line LC sample valve, we demonstrate that our 

system has both one-minute sampling capabilities and bona fide one-minute temporal resolution. 

Evoked DA transients were confined to single, one-minute brain dialysate samples. After uptake 

inhibition with nomifensine (20 mg/kg i.p.), responses to electrical stimuli of one-second duration 

were detected.

Graphical Abstract

Introduction

Dopamine (DA) is an important neurotransmitter in the central nervous system1 with 

relevance to human health stemming from its roles in disorders such as depression,2 
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schizophrenia,3,3 Parkinson’s disease4 and addiction5–8. Consequently, there is great value in 

techniques that provide insights into DA’s role in normal and abnormal brain function by 

measuring DA’s spatiotemporal dynamics in the extracellular space9,10.

Microdialysis combined with high-performance liquid chromatography is used widely for 

monitoring DA and other monoamine neurotransmitters in vivo11–20 (we will use “LC” for 

the abbreviations HPLC and UHPLC). Very often, microdialysis is performed with sampling 

times of several minutes or more, which limits the temporal resolution of the measurements. 

Notably, early papers by Justice described off-line dialysate DA analysis by microbore LC 

with one-minute temporal resolution21,22. In addition, there was considerable activity in the 

‘90s and early 2000s on sub-one-minute measurements of amino acids by capillary 

electrophoresis (CE)23–29. Dopamine has been measured by CE with laser-induced 

fluorescence with 10–90s time resolution30–32. However, until recently there have been very 

few reports of sub-five minute time resolution measurements on dialysates. For instance, 

Andrews and coworkers report that none of the brain microdialysis papers published in 2012 

used sampling times of 5 min or less19.

Nevertheless, interest in rapid microdialysis using LC appears to be resurging. Andrews and 

coworkers developed a 3-min LC method for serotonin based on readily available 

commercial equipment33. Reinhoud described rapid analyses for several neurochemicals34. 

Parrot and coworkers separated several related compounds including DA using UHPLC with 

a chromatographic run time for DA of less than three minutes35. The Kennedy group36 

demonstrated and applied one-minute time resolution for DA with offline 

derivatization/LC/MS determinations. We developed an off-line system that uses sub-2-µm 

particles and high column temperatures to measure serotonin in one-minute brain dialysate 

samples37. We followed that up with an on-line capillary LC system and studied serotonin in 

awake rat striatum with one-minute temporal resolution38,39.

In practice, measuring DA in striatal dialysate should be easier than measuring serotonin 

because the DA concentration is ~10-fold higher. On the other hand, DA appears in a more 

crowded region of the chromatogram. In LC increasing speed generally decreases peak 

capacity, so we anticipate poorer resolution will accompany efforts to develop a one-minute 

on-line DA determination40,41. In addition, we found that divalent metal ions in the 

dialysates20 cause peaks near DA as well. We report here that optimizing the 

chromatographic conditions leads to a sub-one-minute analysis time for DA. We used these 

conditions to carry out microdialysis in vivo with on-line capillary LC and one-minute 

sampling times. Furthermore, by using this system to monitor electrically evoked DA 

transients, we document that this system provides bona fide sub-one-minute temporal 

resolution. Evoked transients appeared in single, one-minute dialysate samples.

Experimental

Chemicals

Disodium EDTA, sodium phosphate, o-phosphoric acid (85%, HPLC grade), acetonitrile 

(Optima LC/MS grade), acetone (HPLC grade), and 2-propanol (99.9 %, HPLC grade) were 

purchased from Fisher Scientific (Fair Lawn, NJ). Sodium acetate and glacial acetic acid 
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(99.9 %) were from J.T. Baker (Phillipsburg, NJ). Sodium 1-octanesulfonate (SOS), L-

ascorbic acid (AA), 3,4 dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindole-3-acetic 

acid (5-HIAA), homovanillic acid (HVA), dopamine hydrochloride (DA), serotonin 

hydrochloride (5-HT), 3-methoxytyramine hydrochloride (3-MT) were from Sigma Aldrich 

(St. Louis, MO). Nomifensine maleate (Sigma) was dissolved in phosphate-buffered saline 

(PBS: 155 mM NaCl, 100 mM NaH2PO4, pH 7.40) and administered at 20 mg/kg (i.p.). 

Artificial cerebrospinal fluid (aCSF) was 144 mM NaCl, 2.7 mM KCl, 1.1.75 mM CaCl2, 1 

mM MgCl2, 1.75 mM NaH2PO4 and 2.5 mM NaHCO3. All chemicals were used as received 

without further purification. Ultrapure water was obtained from a Millipore Milli-Q 

Synthesis A10 system (Bedford, MA).

Chromatography

Stock solutions of 1 mM DA, DOPAC, 5-HT, 5-HIAA, and HVA were prepared in 0.1 M 

acetic acid and stored frozen. Subsequent dilutions were made in 0.1 M acetic acid with final 

samples made in aCSF at the desired concentration. Mobile phase was prepared by mixing 

acetonitrile with appropriate aqueous buffer in a particular volume ratio. Acetate based 

buffers contained 75 mM sodium acetate, 0.15 mM disodium EDTA, and SOS 

(concentrations given below). Phosphate buffers contained 75 mM sodium phosphate, 0.15 

mM sodium EDTA, and 1.75 mM SOS. The pH values of the aqueous buffers were adjusted 

with either acetic acid or phosphoric acid to the desired pH using a Fisher Acumet 10 pH 

meter. Prior to use mobile phase was passed through a 0.45 m nylon filter (Millipore).

Capillary columns were prepared by packing Waters Acquity BEH C18, 1.7 µm particles 

(Millford, MA) into 150 µm i.d. fused-silica capillaries from Polymicro Technogies 

(Phoenix, AZ). Column frits were made using an electrical arc to sinter 2 µm solid 

borosilicate spheres (Thermo Scientific, Fremont, CA) into the end of the 15–20 cm long 

column blank. Frits were approximately 1 mm in length. Particles were slurried in 

isopropanol at a concentration of 65 mg/mL and sonicated for 20 minutes prior to packing 

using the downward slurry method. A Haskel pneumatic amplification pump (Model 

DSHF-302, Haskel, Burbank, CA) was used to pack column at 20,000 psi for 20 minutes. 

Acetone was used as the packing solvent. Following packing, column pressure was allowed 

to dissipate naturally. The packed column was flushed with acetonitrile and equilibrated with 

mobile phase overnight prior to use. Columns were then trimmed to a final length of 4.5 cm.

For chromatography, a pump (Model NanoLC-Ultra 1D, Eksigent, Dublin, CA) with a 

maximum pressure limit of 10,000 psi was used to deliver mobile phase. A Valco 8-port 

nano volume valve (100 µm port size) equipped with two 500 nL sample loops was 

connected directly to the capillary column. Mobile phase flow rate was 9 µL/min. Column 

and injection temperatures were maintained between 40 and 60 °C using two simple 

homemade heating assemblies previously described39.

A Bio-analytical Systems Inc. (BASi, West Lafayette, IN) thin-layer radial-style 

electrochemical detection flow cell with a glassy carbon (3-mm-diameter) electrode was 

used to detect analytes at 700 mV vs Ag/AgCl, 3M NaCl. The flow path and detector 

volume was defined by a 13 µM Teflon gasket. Potential control and data acquisition at 20 

Hz were done by a BSAi Epsilon potentiostat and ChromGraph software (West Lafayette, 
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IN). The LC system was calibrated by direct sample injection of DA standard solutions (100 

nM) before and after in vitro and in vivo online experiments.

Microdialysis

Concentric microdialysis probes (300 µm diameter, 4 mm length) were constructed using 13 

kDA MWCO hollow fiber membranes (Spectra/Por RC, Spectrum Laboratories Inc., Ranco 

Dominguez, CA). Inlet tubing (PE, Becton Dickinson, Franklin Lakes, NJ) was connected to 

a Pico-plus syringe pump (Harvard Apparatus, Holliston, MA) with 1.0 mL gastight syringe. 

The microdialysis perfusion rate was 0.61 µL/min: perfusion of the probes began before they 

were implanted into the brain and continued for the duration of the experiments. The probe 

outlet line (a 71-cm length of fused silica capillary, 75 µm I.D by 150 µm O.D., Polymicro 

Technologies, Phoenix, AZ) was plumbed directly to the LC injection valve for online 

dialysate analysis. For in vitro probe calibration, probes were immersed in a beaker of aCSF, 

transferred manually to a second beaker containing 1 µM DA in aCSF, held there for 30 s, 

and then returned to the original beaker of aCSF.

Surgical procedures

All procedures involving animals were approved by the Institutional Animal Care and Use 

of Committee of the University of Pittsburgh. Male Sprague-Dawley rats (250–350 g; 

Hilltop, Scottsdale, PA) were anesthetized with isoflurane (0.5 % by volume, Henry Schein 

Animal Health, Elizabethtown, PA). Rats were wrapped in a heating blanket (37 °C) and 

placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) set up for flat skull 

coordinates42. A small craniotomy was made over the striatum (1.6 mm anterior and 2.5 mm 

lateral from bregma). Probes were lowered into the striatum at 5 µm/s with an automated 

micropositioner (David Kopf Instruments, Tujunga, CA, Model 2660). The tip of the probes 

came to rest 7 mm beneath the brain surface. The probes were secured to the skull with bone 

screws and acrylic cement and the scalp incision was closed with sutures. The anesthesia 

was removed and the rats were placed in a Raturn Microdialysis Bowl Stand-Alone System 

(MD-1404, BASi) for 24 hr.

On the following day, 24-hr after the probe insertion, the rats were re-anesthetized and 

placed back into the stereotaxic frame. A carbon fiber microelectrode for fast-scan cyclic 

voltammetry (FSCV) of DA was lowered into the striatum to a position 1.5 mm away from 

the microdialysis probe as previously described43. A bipolar stimulating electrode was 

lowered towards the medial forebrain bundle (4.3 mm posterior and 1.2 mm lateral from 

bregma). The stimulating electrode was positioned 7.2 mm below the dura, then slowly 

lowered until robust electrically evoked DA responses were observed via the FSCV 

electrode. The stimulus was a biphasic constant current square wave delivered via a stimulus 

isolation unit (stimulus parameters: 300 µA, 4 ms pulse width for 1 s (60 Hz) or 25s (45Hz)).

In vivo experiments

With the rat still anesthetized and in the stereotaxic frame, online analysis of the dialysate 

was performed at one-minute intervals until a stable baseline DA signal was established: this 

typically required only a few minutes. Then, the medial forebrain bundle was electrically 

stimulated for 25 s with an approximately 20 minute interval between stimulations. The rats 
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then received a dose of nomifensine (20 mg/kg i.p.), a dopamine uptake inhibitor and 

sampling continued until a new DA baseline was attained (20 minutes). After nomifensine 

administration, two more stimuli were delivered, one with a duration of 1 s and one with a 

duration of 25 s.

Quantitation

Optimization of the LC conditions was performed by the analysis of microdialysate samples 

that had been mixed 1:1 with 0.1 M acetic acid, frozen, and stored. Concentrations were 

determined by external calibration without correction for probe recovery. Peak area was used 

for calibration and determined by integration in MATLAB. Data (20 points per second) were 

output from the instrument as a text file and input into the MATLAB workspace as a single, 

continuous stream of data containing the series of individual, one-minute chromatograms. 

The data were first separated into individual runs for analysis. Each run was analyzed for a 

peak in the 50 to 55 second window using the “findpeaks” command from the MATLAB 

Signal Processing Toolbox. The “findpeaks” command finds local maxima within each data 

set by specifying the minimum peak height and minimum distance between peaks. From the 

maximum of the identified peak, the algorithm moves down the left and right sides of the 

peak until reaching the baseline. The baseline was identified by measuring the slope between 

two adjacent points (typically 0.5 to 1 second apart) until the slope reaches or passes zero. 

This window can be adjusted to prevent the algorithm from being stopped at noise. Once the 

baseline was determined, the peak area was calculated using trapezoidal integration.

Results and Discussion

Optimizing the mobile phase

Figure 1a shows a chromatogram of standards (100 nM DOPAC, 5-HIAA, HVA, DA, 5-HT, 

3-MT) using mobile phase of Zhang and coworkers39 The column temperature was lowered 

to increase the retention of DA. Three small negative peaks (labeled Na, Nb, Nc) appear near 

the DA peak and interfere with the determination of dialysate DA levels (~1–10 nM). van ‘t 

Hoff plots (Fig. 1b) of the negative peaks44 suggest that temperature control alone cannot 

move them sufficiently away from the DA peak. Two of the negative peaks, Na, and Nb, are 

caused by divalent metal ions, Mg2+ and Ca2+ in the aCSF (Figure S1), which are retained 

on the column due to the presence of SOS in the mobile phase and create a signal by 

adsorbing/desorbing to the carbon electrode45.

The aCSF must contain Mg2+ and Ca2+ so as not to disturb the ionic composition of the 

brain tissue near the probe. So, we attempted to manipulate the negative peaks by adjusting 

SOS concentration. Two of the negative peaks disappeared at 1.75 mM SOS. However, such 

a low SOS concentration compromised the resolution of DA and HVA (Figure 2a). 

Somewhat better performance (Fig. 2b) was obtained by switching from acetate to 

phosphate buffer. The phosphate buffer solved the problem of the negative peak but DA is 

not sufficiently resolved from HVA, which is a problem because brain dialysates contain 

large amounts of this anion. Because the pKa of HVA is 4.39, increasing the pH to 5.00 

reduced its retention with little impact on DA retention (Fig. 2c and Fig. S2). Consideration 

of the van ‘t Hoff plot in Fig. 2c shows that as temperature increases, the DA and Na peaks 
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approach each other. At a temperature of 48 °C (1000/T = 3.12, Fig. 2c) the DA peak elutes 

in less than one minute and the separation from the interfering peak Na is adequate. In 

summary, the optimized mobile phase contains 75 mM phosphate buffer with 1.75 mM SOS 

at pH 5.00 and the column is operated at 48 °C. In addition, based on the retention times of 

standards, late-eluting peaks from earlier chromatograms do not interfere with the DA peak 

from a given sample. At the operating temperature of 48 °C the serotonin peak from an 

injection at time zero elutes at an apparent retention time of 20 s in the chromatogram from 

the injection made at 120 s. Thus there is no interference with the DA peak which elutes 

much later in the chromatogram.

Figure 3 shows chromatograms of DA standards containing 50 µM ascorbic acid (AA), 

which is approximately the AA concentration of brain dialysates. The area of the DA peaks 

is linearly dependent on its concentration. Calibration curves were linear over a wide range 

(Fig. S3). The detection limit, based on the signal-to-noise ratio of three, is 0.15 nM.

System performance: in vitro determinations—The chromatogram of a 50 µM AA 

standard shows no peaks near DA’s retention time (53 s), while a clear peak is observed in 

the chromatogram of a frozen, stored, and thawed dialysate sample (Fig. 4). Spiking the 

dialysate sample with 25 nM DA increased the peak area, which confirms the identity of the 

dialysate component as DA. The DA peak was very stable upon repeated injection of 60 

samples (Fig. S4). There was no significant change in the DA peak area: the average 

concentration of DA in these 60 samples was 11.5±1.0 nM.

Synchronizing microdialysis with on-line LC—Rapid on-line microdialysis should 

allow for more accuracy in knowing when a transient occurs in the brain. It is necessary to 

account for the time it takes the sample to travel from the probe to the sample loop. To 

accomplish this we created 30-s DA boluses in the outlet line of the probe (see methods). If 

the bolus is properly synchronized with the actuation of the sampling valve, it should appear 

in a single one-minute dialysate sample. Preliminary experiments showed that when the 

bolus was created 30 s, but not 15 s or 45 s, after a valve actuation, then DA appeared 

entirely in the 7th following sample. We then confined our attention to time intervals of 25, 

30, and 35 s. For the 30 s time interval, as Table 1 demonstrates, only 1.2% of the DA was 

found in the chromatogram at the 6th minute, while the majority of the signal was found in 

the 7th minute. The 30-s synchronization time was then used in the following in vivo 
experiments.

In vivo monitoring of basal and electrically evoked DA

Figure 5 shows a series of chromatograms of brain dialysate samples obtained by means of 

the optimized on-line capillary LC system. The basal DA concentration is 10.7±1.5 nM 

(mean ± standard deviation of n=68 one-minute chromatograms), which is comparable to 

reports in the literature using similar microdialysis flow rates46,47. A 25-s electrical stimulus 

was delivered to the medial forebrain bundle at t = 210s (red arrowhead, Fig. 5), which 

resulted in a transient DA increase in a single chromatogram 7 samples later. Figure S6 

shows series of chromatograms showing the effect on DA of nomifensine administration. 

Figure 6 shows chromatograms of post-nomifensine dialysate samples. A one-s stimulus was 
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performed at t = 90 s and a 25-s stimulus was performed at t = 330s (red arrowheads, Fig. 6): 

transient increases in DA were again observed 7 samples later (red arrows, Fig. 6), After the 

25-s stimulus, some DA was observed in the 8th following sample. This is expected as 

nomifensine is known to increase the duration of evoked transients. Experiments in three 

animals resulted in the following observations. The two 25s stimulations before nomifensine 

resulted in concentrations of 37 ± 16 and 38 ± 18 nM (mean ± standard error), which were 

not significantly different from one another. In the absence of uptake inhibition, we did not 

see a response from a one-second stimulation (data not shown). Following the administration 

of nomifensine a one-second stimulus elicited a response of 220 ± 17 nM (only attempted in 

2 of the 3 trials). The 25s stimulation after nomifensine produced an average concentration 

of 975± 316 nM. The administration of nomifensine increased the signal obtained from 25s 

stimulations approximately twenty-five-fold.

Figure 7 summarizes a 2-h in vivo DA monitoring experiment by microdialysis with 

optimized on-line capillary LC analysis with a one-minute sampling time. The figure clearly 

shows five features. The one-minute transients at t = 17, 39 and 59 min are responses to 25-s 

electrical stimuli delivered prior to nomifensine administration. The prolonged increase in 

DA that begins at t = 62 min is the response to the nomifensine injection. The transients at t 

= 87 min and at t = 91 min are responses to one-s and 25-s stimuli, respectively, delivered 

after nomifensine. The one-s stimulus response is confined to a single sample. The 25-s 

response spans two samples, consistent with the known tendency of nomifensine to prolong 

the duration of evoked responses.

The DA concentrations reported in Fig. 7 were determined by external calibration without 

correction for the unknown in vivo recovery of microdialysis probes. The response seen 

earlier by in vivo FSCV to the stimulus parameters used during this work is an evoked DA 

transient with amplitudes in the micromolar range43,48,49. The nanomolar concentrations 

observed in the dialysate samples confirm the view that the in vivo recovery of DA by 

microdialysis probes, especially during transients that do not attain steady state, is very low. 

Moreover, the increased evoked amplitude observed after nomifensine administration likely 

has two origins: uptake inhibition increases evoked DA overflow50–52 but also increases the 

microdialysis recovery of DA53–55. While these quantitative issues need to be considered 

when relating microdialysis data to in vivo events, they do not diminish the value of 

monitoring DA on time scales more closely relevant to those of DA neurotransmission.

Separately, we compared three injections of a 100 nM standard DA solution before and after 

more than two hours of continuous online in vivo experiments (Fig. S5). There was no 

significant change in the sensitivity or retention time of DA peak (Table 2). However, we did 

observe a decrease in theoretical plate count, the origin of which is under investigation. It is 

worth mentioning, however, that the column exhibited ~5000 theoretical plates, which is 

more than 110,000 plates per meter, prior to the in vivo work. Plate counts for DA peaks 

were calculated under conditions identical to those used for in vivo experiments and were 

not corrected for extra column contributions to band spreading. This column performance 

makes a significant contribution to system performance (rapid analysis and low detection 

limits) because it is the source of the narrow, tall, well-resolved, and easily integrated peaks.
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As far as we are aware, the fastest on-line microdialysis/dopamine measurements are those 

by Shou et al56. They used capillary electrophoresis/derivatization/laser-induced 

fluorescence to achieve 90-s time resolution with a detection limit of 2 nM. As described in 

the introduction, there are several prior reports of sub-minute measurements of samples 

obtained by microdialysis and online measurements of compounds at higher concentrations 

(amino acids). Here we demonstrate that we can quantify DA over an extended period with 

one-minute time resolution, online analysis, and a detection limit of 0.15 nM. By 

appropriately synchronizing a stimulation with the LC injection cycle, we are able to see the 

response to a 25-s stimulation in a single chromatogram. Shifts of that phasing by 15 s give 

obvious peaks in adjacent chromatograms. Thus, in situations where the DA response to an 

event is known, when that event occurred can be determined with a time resolution of fifteen 

seconds. Remarkably, in the presence of nomifensine, we see a robust response to a one-

second stimulation. We believe that this level of performance in a microdialysis experiment 

will lead to wider use of microdialysis in behavior experiments and other experiments in 

which the goal is to measure the time at which a transient of DA occurs. Microdialysis is 

becoming increasingly capable of measuring neurotransmitter on the fast time scales 

relevant to neurotransmission.

Conclusion

On-line analysis of DA in brain dialysate with one-minute resolution was achieved through 

detailed attention to the capillary LC separation conditions including column temperature, 

buffer composition, and surfactant concentration. The major interferences were HVA and the 

divalent metal ions in the samples. Optimizing the mobile phase pH, buffer composition 

(acetate to phosphate), surfactant content and temperature solved these interference 

problems. By analysis of electrically evoked DA transients, we confirmed that the system 

has bona fide sub-one-minute temporal resolution, temporal resolution being distinct from 

the sampling time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Chromatogram of standard mixture (red) and blank (black). Temperature: 45 °C. (b) Van 

‘t Hoff plots for analytes. Top to bottom (near the center of the plot): 5-HT (dark blue), Na 

(black), DA (red), Nb (green), Nc (light blue), HVA (fuchsia). Mobile phase: 75mM Sodium 

acetate, 0.15 mM disodium EDTA, 10 mM SOS (pH 4); column: 150 µm×45 mm, 9.0 µL/

min, injection volume: 500 nL.
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Figure 2. 
Van ‘t Hoff plots for detection of DA. Mobile phase: (a) 75 mM Sodium acetate, pH 4.00; 

(b) 75 mM Sodium phosphate, pH 4.00; (c) 75 mM Sodium phosphate, pH 5.00 with 0.15 

mM disodium EDTA, 1.75 mM SOS. (column: 150 µm×4.5 mm, 9.0 µL/min, injection 

volume: 500 nL. a: 5-HT; b: DA; c: Na; d: HVA.
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Figure 3. 
Chromatograms of standard solutions of DA containing 50 µM AA, from bottom to top: 0 

nM, 2 nM, 5 nM, 10 nM, 20 nM, 50 nM, 100 nM DA. Mobile phase: 75 mM sodium 

phosphate, 0.15 mM disodium EDTA, 1.75 mM SOS, (pH 5.00); column: 150 µm × 4.5 mm; 

T=48 °C, 9.0 µL/min; injection volume: 500 nL.
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Figure 4. 
Chromatograms of microdialysis samples. (a) 50 µM AA; (b) microdialysis sample; (c) 

microdialysis sample with 25 nM DA added. Red dotted line indicates the typical DA peak 

position. Conditions as in Fig. 3.
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Figure 5. 
Typical chromatograms during continuous DA measurements. Arrows indicate the DA 

peaks. A 25 s electrical stimulus was initiated at the time marked by the first triangle. The 

DA response is indicated by a second triangle. Conditions as in Fig. 3.
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Figure 6. 
Typical chromatograms during continuous DA measurements following administration of 

nomifensine. An electrical stimulus excited the median forebrain bundle for 1 s at time = 90 

s (left triangle) and at time = 330 s for 25 s (right triangle). Arrows indicate the 

corresponding DA release events. Conditions as in Fig. 3.

Gu et al. Page 16

Anal Chem. Author manuscript; available in PMC 2016 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
On-line in vivo DA measurements. Three electrical stimulations were carried out prior to 

administration of nomifensine. Twenty minutes after i.p. injection of nomifensine, 1 second 

and 25 second stimulations were carried out. The arrows indicate the responses. The inset 

provides an expanded view of the pre-nomifensine stimulations at 17 and 39 min. Note that 

a technical malfunction prevented accurate integrations of DA peaks from about 42 to 51 

minutes.
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Table 1

Establishment of time delay between event and chromatogram

Timea 6th min 7th min 8th min Nc

25 s 16.0 % 84.0 % 0 4

30 s 1.2 % 98.8 % 0 9

35 s 0 90.4 % 9.6 % 6

aTime interval between injection valve actuation and probe insertion in DA-containing solution.

bPercent of total signal in a particular chromatogram.

cNumber of replicates
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Table 2

Column performance evaluation before and after in vivo measurementsa.

Peak Area Retention Time / s Plate Number

Before 9.12 ±0.22 × 104 b 53.0 ± 0.3 4976 ± 56

After 9.21 ± 0.20 × 104 53.0 ± 0.2 3733 ± 39

aEvaluation based on 100 nM DA standard.

bErrors are standard errors of the mean.
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