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Abstract
Background: Glutamate  (Glu) and γ-aminobutyric acid  (GABA) are the main neurotransmitters in the central nervous sys-
tem for excitatory and inhibitory processes, respectively. Monitoring these neurotransmitters is an essential tool in establishing 
pathological functions, among others in terms of occupational exposure to toxic substances. Material and Methods: We present 
modification of the HPLC (high-performance liquid chromatography) to the UPLC (ultra-performance liquid chromatography) 
method for the simultaneous determination of glutamate and γ-aminobutyric acid in a single injection. The isocratic separa-
tion of these neurotransmitter derivatives was performed on Waters Acquity BEH (ethylene bridged hybrid) C18 column with 
particle size of 1.7 μm at 35°C using a mobile phase consisting of 0.1 M acetate buffer (pH 6.0) and methanol (60:40, v/v) at a flow 
rate of 0.3 ml/min. The analytes were detected with the fluorescence detector (FLD) using derivatization with o-phthaldialde-
hyde (OPA), resulting in excitation at 340 nm and emission at 455 nm. Results: Several validation parameters including linear-
ity (0.999), accuracy (101.1%), intra-day precision (1.52–1.84%), inter-day precision (2.47–3.12%), limit of detection (5–30 ng/ml) 
and quantification (100 ng/ml) were examined. The developed method was also used for the determination of these neurotrans-
mitters in homogenates of selected rat brain structures. Conclusions: The presented UPLC-FLD is characterized by shorter sepa-
ration time (3.5 min), which is an adaptation of the similar HPLC methods and is an alternative for more expensive references tech-
niques such as liquid chromatography coupled with tandem mass-spectrometry (LC-MS/MS) methods. Med Pr 2017;68(5):583–591
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OPTIMIZATION OF ULTRA-PERFORMANCE LIQUID 
CHROMATOGRAPHY (UPLC) 
WITH FLUORESCENCE DETECTOR (FLD) METHOD 
FOR THE QUANTITATIVE DETERMINATION 
OF SELECTED NEUROTRANSMITTERS IN RAT BRAIN

ORIGINAL PAPER

INTRODUCTION

Two of the most important neurotransmitters in the brain 
are glutamate  (Glu) and γ-aminobutyric acid  (GABA). 
Thanks to the opposing functions, glutamate is excit-
atory while GABA is inhibitory, they play an important 
role in the central nervous system [1]. The disruption 
of the homeostasis of glutamate and GABA is not only 
connected to the neurological and psychiatric disorders 
such Alzheimer’s disease [2], schizophrenia [3] and epi-

lepsy  [4], but it is also the result of exposure to some 
toxic substances: methoxychlor  [5], 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin  (TCDD)  [6] and polychlorinated 
biphenyls (PCBs) [7]. Moreover, in the case of occupa-
tional exposure to toxic substances such as organic sol-
vents (e.g.,  toluene) [8] and some metals (e.g., manga-
nese), abnormalities in the levels of neurotransmitters 
were observed [9]. 

Due to the diversity of physiological functions asso-
ciated with these neurotransmitters, many researchers 
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measure the levels of GABA and glutamate in micro-
dialysis samples [10], brain homogenates from experi-
mental animals  [11], and human cerebrospinal fluid 
and serum  [12]. In the analysis of neurotransmitters 
(especially in microdialysis samples and brain homog-
enates) mainly HPLC (high-performance liquid chro-
matography) with fluorescence detector is used [10,11]. 

Generally, in all matrices, chromatographic meth-
ods, mainly liquid chromatography coupled with de-
tectors of different sensitivity and specificity, are pre-
ferred. In the quantification of monoamine neurotrans-
mitters  (MANT), like dopamine and serotonin, an 
electrochemical detector (ECD) is most often used [13]. 
However, in the analysis of amino acid neurotrans-
mitters (AANT) the most popular technique is HPLC 
coupled with a UV (ultraviolet) detector [14] or fluores-
cence detector (FLD) [11,15,16]. The greatest advantage 
of these detectors (UV, ECD, FLD) is the ability to cre-
ate simple, sensitive and relatively inexpensive methods 
for the analysis of a single group of neurotransmitters. 
However, most of them also possess some limitations: 
low sensitivity (UV), low repeatability (ECD) and often 
the need for derivatization (UV, ECD and FLD). 

The technique that allows for the analysis of 
both  MANT and  AANT with the highest sensitivity 
and selectivity is  HPLC coupled with tandem mass 
spectrometry (MS/MS) [17]. The widely used reversed 
phase liquid chromatography  (RPLC) coupled with 
mass spectrometry is often associated with the need 
to add appropriate derivatization reagents  [18] and/or 
the utilization of ion-pairing reagents  [17]. These ad-
ditives, especially an ion-pair reagent, may cause ion 
suppression in mass spectrometry [19]. Additionally, in 
the analysis of neurotransmitters containing more than 
one type of functional group, such as an amino group 
and a  carboxylic acid group, it is necessary to switch 
ion polarity  MS  conditions during detection  [20]. Fi-
nally, along with said inconveniences, these advanced 
techniques  (HPLC-MS/MS,  UPLC-MS/MS) require 
a  qualified operator and therefore are uncommon in 
many laboratories. 

A  review of the literature shows that there are no 
available methods for the determination of GABA and 
glutamate using ultra performance liquid chroma-
tography  (UPLC) coupled with a  fluorescence detec-
tor (FLD). This study aims at adaptation of the HPLC 
to  UPLC  method for quantification of these  2  neu-
rotransmitters in selected structures of the rat brain 
and to compare obtained results with the most com-
monly used techniques (HPLC-FLD, and LC-MS/MS).

MATERIAL AND METHODS

Chemicals and reagents
High-performance liquid chromatography gradient 
grade methanol and perchloric acid was obtained 
from JT Baker (USA). Sodium acetate, acetic acid, sodi-
um hydroxide, sodium tetraborate, β-mercaptoethanol  
(β-ME), ortho-phthaldialdehyde (OPA), and amino acid 
standards: L-glutamic acid (glutamate) γ-aminobutyric 
acid (GABA) were obtained from Sigma-Aldrich (USA). 
Water was Milli-Q deionized.

Animals
Ten female Wistar rats weighing 200–250 g were used 
in this study. The animals were fed a standard pellet-
ized diet “Murigram” (Agropol, Polska) and had ac-
cess to water. The rats were housed  5  per cage (cage 
size: 35×55×25  cm) at room temperature of  22±2°C 
and  humidity of 55±5%. The animals were subjected 
to a constant light/dark cycle of 12/12 h. This investiga-
tion was performed with the permission of the Local 
Ethical Committee for Experimentation on Animals  
(No.  13/ŁB703/2014). All efforts were made to mini-
mize animal suffering. 

Preparation of brain tissue samples
Rats, in random order, were decapitated. The brain 
was rapidly removed from the cranium and the 3 ar-
eas were dissected out on an ice-cold plate. The cer-
ebellum, brain stem and basal nucleus were separated 
into 2 ml microcentrifuge Eppendorf tubes. Each brain 
structure was homogenized in 4 equivalents of water, 
and again after the addition of 4 M perchloric acid be-
fore centrifugation (12  000×g, 10  min, 4°C). Aliquots 
of the supernatants were stored  at  –80°C until the  
analysis. 

Protein measurement
The protein concentration of each sample homogenized 
in water (before addition of perchloric acid) was deter-
mined by the Folin protein method, as described by 
Lowry et al. [21].

Stock and working solutions
Stock solutions of  GABA and glutamate standards 
(500  μg/ml) were prepared in Milli-deionized water, 
aliquoted out and stored at –20°C. Working standard 
solutions (0.5 μg/ml, 5 μg/ml and 50 μg/ml) were pre-
pared daily by dilutions of stock solutions, aliquoted out 
and stored at 4°C until derivatization and the analysis.
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Derivatization protocol
The procedure of derivatization was based on a modi-
fied method previously reported [10]. Borate buffer so-
lution  (pH  = 9.9,  0.05  M) was prepared by dissolving 
sodium tetraborate in water and the pH was adjusted 
using 0.1 M sodium hydroxide. The derivatization was 
performed by mixing 100 μl of diluted sample or stan-
dard solution, 20 μl of daily prepared OPA (5 mg OPA/ml 
of methanol), 75 μl of 0.05 M borate buffer (pH = 9.9) 
and 5 μl β-ME. The resulting solution was vortexed and 
analyzed after 5 min room temperature incubation pe-
riod that limited exposure to direct light. A 10 μl ali-
quot was injected into the UPLC system.

UPLC-FLD instrumentation and conditions
Chromatographic analyses were performed with an Ac- 
quity UPLC  system (Waters,  USA), using an Acqui- 
ty UPLC BEH (ethylene bridged hybrid) C18 column 
(1.7 μm, 100×2.1 mm) from Waters.

The mobile phase consisted of 100 mM acetate buf-
fer (pH = 6.0) and methanol (60:40, v/v). Chromatogra-
phic analyses were performed at the column temperature 
of 35°C. The flow rate was kept constant at 0.3 ml/min.

Fluorescence detection was performed using a Wat-
ers Acquity FLR (fluorescence) Detector (Waters, USA). 
The instrument was operated using an excitation wave-
length of 340 nm and an emission wavelength of 455 nm.

RESULTS AND DISCUSSION

Optimization of derivatization
Aliphatic amino acids with a low molecular weight such 
as glutamate and GABA are not naturally fluorescent. 
Therefore, in the quantitative assessment of these neu-
rotransmitters using a fluorescence detector, it is neces-
sary to carry out the derivatization. A literature review 
discovered various methods using different reagents 
for derivatization. Zhao and Suo [16] synthesized their 
own reagent for derivatization  –  1,2-benzo-3,4-dihy-
drocarbazole-9-ethyl chloroformate (BCEOC). Though 
there are advantages of using this reagent, such as mild 
conditions for the derivatization reaction, simple mix-
ture preparation, and high sensitivity, it is not commer-
cially available. 

Dawson et al. [15] developed a method of derivatiza-
tion using naphthalene-2,3-dicarboksyaldehyde (NDA). 
The reaction of this reagent with primary amines  
generated derivatives of 1-cyanobenz[f]isoindole (CBI) 
which are very stable over time, but toxic. Another 
reagent with wide application is phthalic dialdehy- 

de  (OPA)  [5,10,11]. In this work we chose to use 
the  OPA reagent due to its easy accessibility, relative 
inexpensiveness, and wide application. The stability 
of the derivatization products of  GABA and gluta-
mate were studied by calculating peak areas of stan-
dard solutions that had been kept absent from light 
at room temperature and in  4°C after  OPA reaction  
(Figure 1). 

A  standard solution of neurotransmitter deriva-
tives was analyzed every  1  min (in first  10  min) and 
then every 5 min. The results presented in the Figure 1 
show that the concentration of derivatives of  GABA 
and glutamate change differently over time. Ortho-
phthaldialdehyde-γ-aminobutyric acid  (GABA-OPA) 
complex, both at room temperature and at 4°C rapidly 
reaches its peak value and is less stable over time than 
the Glu-OPA complex. At room temperature, both of 
neurotransmitters derivatives achieved their peak val-
ues faster than at 4°C. Since the reagents, samples, and 
standards of  GABA and Glu were delivered to room 
temperature immediately prior to the derivatization 
reaction, we selected room temperature conditions to 
carry out this reaction. This experiment was optimized 
for 5 min. After that time, the maximum concentration 
of GABA-OPA complex was reported. Since the litera-
ture data suggests that glutamate is present in higher 
concentrations in the brain tissue homogenates, the in-
cubation time after the addition of OPA was adjusted 
to GABA. However, in the analysis of neurotransmit-
ters using  OPA it is very important to maintain an 
identical time and temperature regime between the ad-
dition of the OPA reagent to the sample and the injec-
tion into the column. 

The authors of the various reported methods 
of OPA derivatization used different incubation times. 
For example Sizemore et al. [22] conducted incubation 
for  4  min (no data on temperature). The most com-
monly used incubation time was 1 min in room tem-
perature [5,10]. 

Moreover, in this study we also examined the poten-
tial interferences from the  OPA reagent in the  GABA 
and glutamate elution. The typical chromatograms of 
blank, standard, and tissue homogenate samples have 
been shown in the Figure 2. Peaks derived from the OPA 
reagent do not interfere with the peaks of analyzed  
neurotransmitters. 

The only disadvantage of OPA is the regulated timing 
of its addition to the sample prior to the sample’s injec-
tion into the column. However, modern liquid chromato-
graphs allow  for complete automation of this process.
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Optimization of chromatographic 
and detection conditions
In regard to the conditions employed in the chromato-
graphic analysis of fluorescents derivatives of  GABA 
and glutamate, many studies report the time of imple-
menting the method of using a concentration gradient 
for the elution of these compounds. The primary pur-
pose of developing new conditions for the separation 
of these neurotransmitters was to reduce the retention 
times of elution, while maintaining good resolution 
and sensitivity. In addition, it was important to achieve 
proper separation of the tested amino acid derivatives 
and the components of the derivatizing agent. A  lit-
erature review on the various quantification methods 
of GABA revealed that the composition of the mobile 
phase was often a  sodium acetate buffer, varying in 

concentration (10–100  mM) and pH  (5.5–6.5)  [5,10]. 
Furthermore, methanol was most reported as the or-
ganic component of the mobile phase [5,10].

In addition, more procedures used gradient sepa-
ration than isocratic elution. Our experiments aimed 
to investigate the chromatographic condition of flow 
rate, level of organic solvent (methanol) in the mobile 
phase, and buffer pH on resolution of GABA/glutamate 
derivatives. Compounds were eluted isocratically over 
a 3.5 min runtime. The time of the analysis was reduced 
by increasing both the  pH of the buffer from  5.5–6.0 
and the percentage of methanol in isocratic separation 
from 30–40%. The chromatographic conditions that re-
sulted in satisfying peak shapes, good resolution, and 
short analysis time were 100 mM sodium acetate buf-
fer (pH = 6.0) and methanol (60:40, v/v) at the flow rate 

GABA – γ-aminobutyric acid.

Fig. 1. Stability of ortho-phthaldialdehyde (OPA) derivatives dependent on temperature: a) room temperature, b) 4°C
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of  0.3  ml/min and column temperature at  35°C. The 
fluorescence detection conditions were optimized by 
the observations made on the excitation and emission 
spectrum of GABA and glutamate derivatives. The op-
timal excitation and emission wavelength were estab-
lished at 340 nm and 455 nm, respectively.

Calibration curve and linearity
The calibration curves with peak area  (y) vs. neu-
rotransmitter concentrations (x,  ng/ml) were created. 
At the beginning of the analysis 7 points of calibration 
in the range of 25–10 000 ng/ml were performed. From 
this range we determined the equation of the calibra-
tion curve and the linearity expressed as a coefficient 

of correlation r2. For each calibration point, the con-
centration value was calculated (calculated value) us-
ing the area and the equation of the calibration curve. 
Calibration accuracy refers to how close the measured 
value of a calibration is to the true value, therefore the 
relative error (%) was calculated between the expected 
value (X  value) and the calculated value. The largest 
deviations, amounting to 200%, were characterized by 
the lowest points of calibration curve. Such large errors, 
despite a  very good correlation coefficient  r2  =  0.999, 
eliminate the use of this curve. 

Therefore a new calibration curve equation for the 
concentration range of 100–10 000 ng/ml with equally 
high linearity was designed. Calculated values from the 

a) standard solution – GABA (250 ng/ml) and glutamate  (2000 ng/ml), b) tissue homogenate samples (brain stem) – GABA (250 ng/ml) and glutamate (1180 ng/ml),  
c) blank sample, and d) tissue homogenate samples (brain stem) spiked with GABA (250 ng/ml) and glutamate (2000 ng/ml).
EU – emission units.
Other abbreviations as in Figure 1.

Fig. 2. Chromatograms of ortho-phthaldialdehyde (OPA) derivatives
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new curve were closer to the expected one and charac-
terized by lower relative errors. The Table 1 shows the 
most optimal range of the calibration curve, linear re-

gression equation and correlation coefficient. Both neu-
rotransmitters reported good linear responses over the 
optimized range with correlation coefficients of 0.999. 
The limit of determinations  (LODs) were calculated 
at signal to noise (S/N) ≥ 3 (5 and 30 ng/ml for gluta-
mate and GABA, respectively). The limit of quantifica-
tion (LOQ) (100 ng/ml for glutamate and GABA) was 
calculated according to the European Union Guideline 
and was defined as the lowest concentration on the cali-
bration curve at which the coefficient of the variation 
was lower than 20%.

Recovery and accuracy
The Table  2  summarizes the recovery and accuracy 
at 4 concentrations of GABA and glutamate. The preci-
sion determined at each concentration level (N = 5) does 
not exceed 2.06% of the coefficient of variation  (CV). 
The recovery (%) was calculated as follows: 

	 (1) 

where: 
c1 – tissue homogenate solution spiked with standard, 
c2 – tissue homogenate solution (matrix),
s – the known concentration of the standard added to the 
matrix. 

The accuracy expressed as a mean recovery and for 
both neurotransmitters is 101.1%.

Precision
Precision of the method was established for inter-day 
and intra-day reproducibility (Table  3). The intra-day 
precision was expressed as the relative standard devia-
tion (RSD) of 5 replicates of the same calibration stan-
dard within the same day. For the evaluation of the 
inter-day reproducibility a  set of calibration standard 
samples was analyzed each day during  3  consecutive 
days. According to the European Medicines Agen-
cy  (EMA) guidelines  [23] the intra-day and inter-day 
precision values, expressed as  RSD, should be lower 

Table 1. Working range of calibration curve for γ-aminobutyric 
acid (GABA) and glutamate concentration in rats brain tissue 
homogenate samples

Neurotransmitter
Concentration

[ng/ml] Relative error 
[%]

expected calculated

GABA1

100 96.8 –3.20

250 252.2 0.90

1 000 1 058.8 5.90

2 500 2 610.6 4.40

5 000 5 224.3 4.50

10 000 9 967.4 –0.30

Glutamate2

100 101.5 1.50

250 248.6 –0.56

1 000 999.6 –0.04

2 500 2 500.2 0.01

5 000 5 118.0 2.36

10 000 9 847.6 –1.52

1 Range: 100–10 000 ng/ml, y = 43 340x+3 000 000, correlation coefficient (r2) = 0.999.
2 Range: 100–10 000 ng/ml, y = 13 156x+95 126, r2 = 0.999.

Table 2. Recovery and accuracy of γ-aminobutyric acid (GABA) 
and glutamate concentration in rats brain tissue homogenate 
samples

Neurotransmitter Concentration
[ng/ml]

Recovery
[%]

CV a
[%]

Accuracy
[%]

(M±SD)

GABA 101.1±5.1

250 106.4 1.01

500 103.9 2.06

1 000 94.9 1.26

2 000 99.3 0.23

Glutamate 101.1±3.5

500 102.0 2.01

1 000 102.5 1.55

2 000 96.0 1.34

5 000 103.9 1.74

CV – coefficient of variations, M – mean, SD – standard deviation.
a Obtained by repeated injections of tissue homogenate samples with spiked known 
concentrations of neurotransmitter.

Table 3. Precision of analytes determination in rats brain tissue 
homogenate samples

Analyte
Intra-day precision

[%]
(M±SD)

Inter-day precision
[%]

GABA 1.52±0.62 2.47

Glutamate 1.84±0.54 3.12

Abbreviations as in Tables 1 and 2.

recovery = 100×(c1–c2)/s
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than 15%. The precision obtained in our study ranged 
from 1.52–3.12%. 

Application of the method 
to rat brain tissue homogenate
The effectiveness of the proposed method was tested 
by analyzing brain tissue samples (cerebellum, basal 
ganglia and brain stem). The derivatization reaction 
for GABA and glutamate in brain tissue homogenates 
were carried out under the same conditions described 
for the preparation of the standards. The mean concen-
trations of GABA and glutamate registered in the 3 rat 
brain regions are shown in the Table 4. It may be ob-
served that the basal ganglia region presented the high-
est (almost double) value of  GABA concentration, in 

comparison with other regions. Whereas the lowest 
concentration of glutamate was detected in the brain 
stem. According to the literature data, similar concen-
trations of GABA and glutamate in rat brain samples 
were detected. The Table 4 shows that the authors indi-
cated various methods of quantification of neurotrans-
mitters in the brain structures at different levels. This 
differentiation may be caused by the use of different rat 
species, their gender and age, and different analytical 
techniques. In this work, neurotransmitters were also 
standardized at the level of protein to give concentra-
tions of several mg GABA or Glu per 1 g protein. The 
results of other researchers show a  very wide varia-
tion in the levels, from several  μg/g  to several  mg/g   
protein [5].

Table 4. γ-Aminobutyric acid (GABA) and glutamate levels in different rats brain areas in the selected studies

Brain region and used method Rat sex and species

Concentration
[μg/g tissue]
(M±SEM) References

GABA glutamate

Brain stem

HPLC-ECD male Sprague-Dawley 197.6±13.3 n.d. 24

HPLC-ECD, HPLC-FLD male Sprague-Dawley 173.4±4.253 709.7±20.81 25

HPLC-FLD male Wistar ~1 031a ~662a 26

HPLC-MS male Sprague-Dawley 145 1 150 27

HPLC-MS male Sprague-Dawley 175 950 27

HPLC-FLD female Wistar 159.3±6.3 (0.9±0.04b) 1 267.2±39.3 (7.3±0.60b) present study

Cerebellum

HPLC-FLD male Sprague-Dawley ~687a ~378a 28

HPLC-FLD male Wistar ~229a 5 219.31±378.35 29

UPLC-FLD female Wistar 183.5±9.0 (1.3±0.05b) 1 828.1±55.9 (9.2±0.46b) present study

Basal ganglia (striatum) 

HPLC-PDA male Wistar 1 076.6±378.5 n.d. 30

Basal ganglia (globus pallidus) 

HPLC-PDA male Wistar 966.2±304.2 n.d. 30

Basal ganglia (nucleus accumbens) 

UHPLC-MS/MS female Wistar 69.3±5.5 1 032±46.7 17

Basal ganglia 

UPLC-FLD female Wistar 345.7±16.8 (2.3±0.06b) 1 746.5±27.3 (7.8±0.43b) present study

HPLC – high pressure liquid chromatography, ECD – electrochemical detector, FLD – fluorescence detector, MS – mass spectrometry, UPLC – ultra-performance liquid 
chromatography, PDA – photodiode array detector, UHPLC – ultrahigh-pressure liquid chromatography, MS/MS – tandem mass spectrometry.
n.d. – no data.
a Values taken from graph, SEM data not available.
b In mg/g protein.
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CONCLUSIONS

We have successfully developed a simple and fast UPLC 
method which allows isocratic separation of the OPA 
derivatives of GABA and glutamate with fluorescence 
detection. This method provides satisfactory values of 
linearity, recovery, precision (intra- and inter-day pre-
cision) and sensitivity. The developed and validated 
method is characterized by faster separation (3.5 min) 
in comparison with other  HPLC methodologies and 
could be an alternative method for an advance tech-
nique such as  HPLC-MS/MS. Reducing the time of 
quantification enables the efficient management of 
a  large number of samples. Moreover, this method 
may be easily adopted to other biological samples due 
to the commercial availability of reagents and instru- 
mentation.
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