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Abstract: 

 Capillary zone electrophoresis with laser induced fluorescence detection was used to 

separate and quantify FQ-labeled primary amines in the homogenates containing 3 central 

nervous systems (CNS) from 3
rd

 instar Drosophila melanogaster larva in order to determine 

which one of six different sample preparation protocols maximized amine recovery.  The identity 

of γ-aminobutyric acid (GABA), glycine (Gly), glutamate (Glu), and aspartate (Asp) in the 

homogenates was accomplished by co-migrating standards with analytes.  The average mass of 

GABA in homogenates ranged from 6 pmol/3 CNS to 43 pmol/3 CNS using peak height and 

ranged from 7 pmol/3 CNS to 68 pmol/3 CNS using peak area.  The average mass of Gly in 

homogenates ranged from 28 pmol/3 CNS to 146 pmol/3 CNS using peak height and ranged 

from 43 pmol/3 CNS to 217 pmol/3 CNS using peak area.  The average mass of Glu in 

homogenates ranged from 111 pmol/3 CNS to 768 pmol/3 CNS using peak height and ranged 

from 129 pmol/3 CNS to 857 pmol/3 using peak area.  The average mass of Asp in homogenates 

average ranged from 53 pmol/3 CNS to 664 pmol/3 CNS using peak height and ranged from 119 

pmol/3 CNS to 1044 pmol/3 CNS using peak area.  The first condition optimized the recovery of 

GABA, Gly and Glu while the second condition recovered the most Asp. 
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Introduction 

 Normal physiological function in organisms depends on regulated production and release 

of neurotransmitters and hormones – critically important chemical messengers required for cell-

to-cell signaling.  Upon secretion from neurons or other cell types, neurotransmitters and 

hormones diffuse either short or long distances to bind to receptors on target cells that may 

trigger a relatively long-lasting biochemical response on the target cell.
1
  The ability to monitor 

the release of these chemical signals with high-sensitivity and high-temporal resolution provides 

insight into the functional significance of these critical classes of compounds in higher 

organisms.  Furthermore, the high-sensitivity and high-temporal resolution facilitate monitoring 

the dynamics of release, transport, and either inactivation or recycling of neurotransmitters and 

hormones to identify the neurochemical and neurobiological anomalies that underlie 

pathogenesis of various disease states such as Parkinson’s disease, depression, and addiction.
2
 

 Biogenic amines control diverse and necessary neural processes in the central nervous 

system of higher order organisms such as insects and humans.  Most neurotransmitters are 

biogenic amines, molecules with an amino functional group, that transmit information between 

neurons or from a neuron to a target cell.
1
  In response to an action potential, neurotransmitters 

are released and bind to a receptor on a postsynaptic cell initiating a response.  Aspartate (Asp), 

glutamate (Glu), γ-aminobutyric acid (GABA), and glycine (Gly)are neurotransmitters in the 

central nervous system.
3
  Asp and Glu are excitatory neurotransmitters that make action potential 

more likely to propagate in the postsynaptic cell, whereas GABA and Gly are inhibitory 

neurotransmitters that makes action potentials less likely.
1;3;4

  Action potentials facilitate 

communication among neurons over long distances within the body.
4
  Inhibitory neurons might 

generate electrical signals without restraint when their activity is blocked.
4
  It is important to 
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investigate the chemical environment of an organism’s nervous system to understand how 

biogenic amines contribute to various physiological processes and also to correlate the dynamic 

content of biogenic amines with activities at the cellular level.  Quantitatively analyzing the 

secretion and uptake of biogenic amines could provide critical new information about signaling 

mechanisms underlying basic cellular function.
5
 

 Insect Models of Neurotransmission 

 Manduca sexta is an important model system for studying neurochemistry in insects.  

Moreover, information this organism provides can be extended to more complex systems such as 

the central nervous system of mammalians.
5
  Evidence suggests mechanisms controlling the 

activity of biogenic amines in mammalian systems are analogous to those in Drosophila 

melanogaster, which is also similar to M. sexta.
5
  Antennal lobes (ALs) of M. sexta have been 

identified as the primary olfactory center due to their striking morphological resemblance to the 

analogous olfactory bulb in the vertebrate brain.
6
  The olfactory system is specialized to detect 

and process information about odors and other stimuli.
7
  ALs of male moths have been studied 

extensively in order to understand insect neurotransmission.
7
  It has been reported that biogenic 

amines such as serotonin are synthesized and stored in ALs, which play various roles in 

electrophysiological properties and response.
7
 

 Early studies aimed at detecting, identifying, and quantifying the biogenic amine content 

in ALs predominantly used High Performance Liquid Chromatography (HPLC) coupled with 

mass spectrometric, electrochemical or fluorescence detection.  HPLC was successfully used to 

analyze the chemical content of ALs, but the drawbacks of this method are the large volume 

requirement and loss of temporal resolution due to sample preparation.  As several ALs are 

required for each sample in HPLC, there is a loss of individual variation within the 
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heterogeneous population.  Measurement of neurotransmitters in vivo allows correlation of 

behavior with chemical content.  Microdialysis has also been employed to detect and quantify 

the various neuroactive biogenic amines and amino acids in live animals.
8
  In microdialysis, a 

probe fabricated from a semipermeable membrane is inserted into the tissue.  Compounds in the 

extracellular fluid diffuse across the probe membrane where they are separated, detected, and 

quantified by another technique such as capillary electrophoresis.
8
  Microdialysis with capillary 

electrophoresis and laser-induced fluorescence detection has been used to quantify aspartate, 

glutamate, isoleucine, leucine, lysine, methionine, phenylalanine, taurine, tyrosine, and valine in 

rat caudate nucleus.
9
  The main advantages of microdialysis are a reduction in the number of 

animals needed for each study, detection of multiple analytes in a single sample, and information 

on the basal concentrations of various analytes.
10

  One of the disadvantages of microdialysis is 

poor temporal resolution due to the amount of time required to collect a detectable amount of 

sample.  Another key disadvantage of microdialysis is the change in tissue ultrastructure as a 

result of the size of the probe.
11

  The probes used in microdialysis are approximately 2-4 mm 

while the ALs are only 200-500 µm in diameter.  Tissue damage and neuronal density losses 

were observed up to 1.4 mm from the probe site suggesting intracellular disruption of 

neurotransmitter efflux.
11

  In vivo electrochemical monitoring has been used to investigate the 

events associated with neurotransmission.
12

  Amperometry and voltammetry employing carbon 

fiber microelectrodes have been used to probe the composition and concentration of 

neurotransmitters in the extracullar space of live animals.
12

  Only compounds that are easily 

oxidized can be detected with the microelectrodes.
12

  The sensitivity, chemical resolution, and 

temporal resolution vary considerably depending on the technique that is used.
9
 

 



6 

 

 Capillary Electrophoresis in Neurotransmitter Analysis 

 The primary limitation in identifying and quantifying the biogenic amine content in ALs 

has been the lack of techniques with sufficiently high temporal resolution and sensitivity to 

detect dynamic changes in nM to pM neurotransmitter concentrations of that are normally 

encountered in the in vivo environment.  Capillary electrophoresis (CE) has been applied to 

studies of neurotransmission and has enhanced molecular and physiological understanding of 

complex neural processes.
13

  The main advantages of CE are the high-speed and high-resolution 

separation on nanoliter sample volumes with sub μM detection limits.
12

 

Capillary zone electrophoresis (CZE) is an electrophoretic separation technique that is 

used to separate charged species based on the magnitude and sign of the charge as well as the 

hydrodynamic radius.  A CZE instrument consists of a narrow-bore (25-100 μm) fused silica 

capillary that has each end submerged into buffer vials containing the same buffer that fills the 

capillary.  Additionally, the high voltage electrode is placed within the same inlet buffer 

reservoir as the capillary while the ground electrode is placed within the outlet buffer reservoir.  

The high voltage applied to the capillary generates electroosmotic flow (EOF) in the capillary 

due to the double layer on the capillary wall.  The ionizable silanol groups on the capillary wall 

attract cations in the buffer solution to form an immobile double layer of cations attached to the 

negatively charged wall (Figure 1).
14

  The velocity of the EOF (vEOF) is described by the 

Smoluchowski equation: 

 (1) 

where ε = dielectric constant; ζ = zeta potential; η = viscosity of solution and E = electric field 

strength.  The electroosmotic mobility (µEOF) of the running buffer is described as: 

  (2) 
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where ε = dielectric constant; ζ = zeta potential; η = viscosity of solution. 

 

 

 

 

 

 

 

 

 

 The EOF drives substantial migration of the bulk liquid past a detector and towards the 

cathode.  Electrophoretic separations are based on the migration rate of ions which is equal to the 

electric field strength and the electrophoretic mobility.  The velocity of an ion (vEP) is described 

as:  

 (3) 

in which q=charge, η = viscosity of solution, and E = electric field strength. 

The electrophoretic mobility of the ion (µEP) is proportional to the charge: 

    (4) 

which η = viscosity of solution and r = hydrodynamic radius of the ion. 

Migration of cationic and anionic species would be in opposite directions without a driving 

force.  EOF is generally greater than the electrophoretic mobilities of the analytes which causes 

cations, neutrals, and anions to migrate in the same direction.  Since the electrophoretic mobility 

of cations causes their migration towards the cathode, cationic species will elute from the 

Figure 1.  A schematic of the inside of a capillary.  The negatively charged 

silanol groups on the capillary wall attract an immobile layer of cations in the 

running buffer.  An EOF is generated that drives the migration of both cations 

and anions from the anode to the cathode. 

EOF 

anode cathode 
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capillary first.  Neutral analytes cannot be separated in CZE and migrate with the electroosmotic 

flow.  The electrophoretic mobility of anions causes their migratation towards the anode; 

however, the electroomotic flow drives the anions towards the cathode causing anionic species to 

elute last.  The charge as well as the size of the analytes affects the elution order which allows 

two species with the same charge to be separated.
14

  The total velocity (vTOT) of the ions is the 

vector sum of the electrophoretic mobility (vEP) and the electroosmotic ability (vEOF). 

νTOT =  νep + νEOF   (5) 

 

  Likewise, the total electrophoretic ability (µTOT) is the vector sum of the electrophoretic ability 

of the ion (µEP) and the electroosmotic ability (µEOF). 

µTOT = µep + µEOF  (6)  

 

 

 

 

 

 

 

 

 

 

CZE can be coupled with laser induced fluorescence (LIF) detection and used to separate, 

identify, and quantify the various biogenic amines present in the ALs of M. sexta.  However, 

sample preparation can disturb the concentration of neurotransmitters.  A procedure for 

Detector 

++ 

Anode 

 

Cathode 

 

Figure 2.  A schematic illustrating the elution order of ionic species in a sample 

separated by CZE. 
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preparing ALs that maximizes the recovery of biogenic amines is necessary in order to 

accurately determine the concentration in an individual lobe. 

 Here, CZE-LIF was utilized to separate and quantify the biogenic amines in the 

homogenates of 3
rd

 instar Drosophila melanogaster larva.  While the long-term goal is to 

determine the biogenic amine concentration in the ALs of Manduca, the fruit fly is a convenient 

substitution for rapid screening of sample preparation protocols.  Drosophila and Manduca have 

analogous structures, however, the structures in the fruit fly are much smaller and are extremely 

difficult to isolate manually.  Therefore, the entire CNS of Drosophila was used for this 

experiment.  Homogenization conditions were varied in order to identify conditions that yielded 

the highest biogenic amine recovery.  Biogenic amines were labeled with fluorogenic dye (FQ), 

separated by CZE, and detected by LIF.  Biogenic amines in the Drosophila homogenates were 

identified by co-elution with FQ-labeled standards and by spiking the solution.   

Experimental 

 Materials and Reagents 

 Amino acid standards (γ-aminobutyric acid, glycine, glutamate, and aspartic acid) were 

purchased from Sigma Chemical Company (St. Louis, MO). ATTO-TAG FQ (3-(2-

furoyl)quinoline-2-carboxaldehyde) (FQ) was purchased from Molecular Probes Inc. (Eugene, 

OR).  Boric acid was purchased from Spectrum Chemicals & Laboratory Products (New 

Brunswic, NJ).  All solutions were prepared with 18 MΩ deionized water. 

 Drosophila melanogaster 

 The wild-type, Oregon R strain, of Drosophila melanogaster were purchased from 

Carolina Biological and raised on Formula 4-24
®
 Instant Drosophila Medium (Burlington, NC).  
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Female and male third instar larvae were used for the isolation of the central nervous system 

(CNS). 

 Tissue Isolation 

 Third instar larva were selected for the isolation of the entire CNS during the light cycle.  

The CNS was manually removed with two sharp forceps and a pair of dissecting pins.  Three 

CNS were transferred into a centrifuge tube and frozen and stored at -80 ºC until further use.  On 

the day of analysis, the tissue samples were thawed prior to homogenization and labeling. 

 CZE-LIF Instrumentation 

 The CZE-LIF detection system was built in-house and is shown schematically in Figure 

3. 

 

Figure 3.  Diagram of CZE-LIF System 

The 488 nm laser line from an Ar
+
 laser operating at 50 mW total power was used to excite the 

FQ-labeled amines.  Sample was hydrodynamically injected at a height of  19.0 cm for 5 s into 

the separation capillary (42 cm x 25 μm inner diameter) before the analysis.  The fluorescence 

signal was optically isolated using a 520/20 nm band pass filter and detected by a PMT.  Electric 
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fields were applied using a 30 kV Spellman power supply.  An electric field strength of +20 kV 

was applied to the capillary. 

 Tissue Homogenization 

The six different conditions that were tested are summarized in the Table 1 below: 

 Condition 

 1 2 3 4 5 6 

0.1 M 

HClO4 

4 µL 4 µL 4 µL 0 µL 0 µL 0 µL 

10 mM 

SDS 

8 µL 10 µL 8 µL 2 µL 2 µL 2 µL 

0.2 M 

NaOH 

2 µL 0 µL 2 µL 2 µL 0 µL 2 µL 

20 mM 

borate pH 

10 

0 µL 0 µL 0 µL 10 µL 12 µL 10 µL 

Disruption Glass rod Glass rod Sonication Glass rod Sonication Sonication 

Table 1.  A summary of the different volumes used for the six different sample conditions tested. 

 Condition 1 

 Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 4 μL 

of 0.1 M HClO4 and 2 μL of 10 mM SDS.  The sample was homogenized manually using a glass 

rod to break the tissue.  Then, 8 μL of 0.2 M NaOH was added to the homogenate to elevate the 

pH of the solution and transferred into a Nanosep centrifuge tube with a 3K molecular weight 

cutoff (Pall).  The homogenate was centrifuged for 10 minutes at 10,000 rpm to remove tissue 

debris and proteins.  The filtrate was collected and labeled with FQ prior to the CE separation.  

Two FQ-labeled homogenates were diluted to a total volume of 120 µL with 20 mM borate 

buffer, pH 9.2 before CE analysis. 

 Condition 2 

Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 4 μL of 0.1 M 

HClO4.  The sample was homogenized manually using a glass rod to break the tissue.  Then, 10 
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μL of 0.2 M NaOH was added to the homogenate to elevate the pH of the solution and 

transferred into a Nanosep centrifuge tube with a 3K molecular weight cutoff (Pall).  The 

homogenate was centrifuged for 10 minutes at 10,000 rpm to remove tissue debris and proteins.  

The filtrate was collected and labeled with FQ prior to the CE separation.  One FQ-labeled 

homogenate was diluted to a total volume of 60 µL with 20 mM borate buffer, pH 9.2 before CE 

analysis.  The second FQ-labeled homogenate was diluted to a total volume of 120 µL with 20 

mM borate buffer, pH 9.2 before CE analysis. 

 Condition 3 

 Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 4 μL 

of 0.1 M HClO4 and 2 μL of 10 mM SDS.  The sample was homogenized in a sonication bath for 

6 minutes.  Then, 8 μL of 0.2 M NaOH was added to the homogenate to elevate the pH of the 

solution and transferred into a Nanosep centrifuge tube with a 3K molecular weight cutoff (Pall).  

The homogenate was centrifuged for 10 minutes at 10,000 rpm to remove tissue debris and 

proteins.  The filtrate was collected and labeled with FQ prior to the CE separation.  Two FQ-

labeled homogenates were diluted to a total volume of 30 µL with 20 mM borate buffer, pH 9.2 

before CE analysis. 

 Condition 4 

 Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 2 μL 

of 10 mM SDS.  The sample was homogenized manually using a glass rod to break the tissue.  

Then, 2 μL of 0.2 M NaOH was added to the homogenate to elevate the pH of the solution and 

then diluted with 10 μL of 20 mM borate pH 10.  The homogenate was then transferred into a 

Nanosep centrifuge tube with a 3K molecular weight cutoff (Pall).  The homogenate was 

centrifuged for 10 minutes at 10,000 rpm to remove tissue debris and proteins.  The filtrate was 
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collected and labeled with FQ prior to the CE separation.  Two FQ-labeled homogenates were 

diluted to a total volume of 30 µL with 20 mM borate buffer, pH 9.2 before CE analysis. 

 Condition 5 

 Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 2 μL 

of 0.2 M NaOH.  The sample was homogenized in a sonication bath for 6 minutes.  Then, 12 μL 

of 20 mM borate pH 10 was added to the homogenate to elevate the pH of the solution and 

transferred into a Nanosep centrifuge tube with a 3K molecular weight cutoff (Pall).  The 

homogenate was centrifuged for 10 minutes at 10,000 rpm to remove tissue debris and proteins.  

The filtrate was collected and labeled with FQ prior to the CE separation.  Two FQ-labeled 

homogenates were diluted to a total volume of 30 µL with 20 mM borate buffer, pH 9.2 before 

CE analysis. 

 Condition 6 

 Three CNS from 3
rd

 instar larva were placed into a centrifuge tube and mixed with 2 μL 

of 0.2 M NaOH.  The sample was sonicated for 6 minutes.  Then, 2 μL of 10 mM SDS was 

added to the homogenate and sonicated for an additional 6 minutes.  Then, 10 μL of 0.2 M 

NaOH was added to the homogenate to elevate the pH of the solution and transferred into a 

Nanosep centrifuge tube with a 3K molecular weight cutoff (Pall).  The homogenate was 

centrifuged for 10 minutes at 10,000 rpm to remove tissue debris and proteins.  The filtrate was 

collected and labeled with FQ prior to the CE separation.  Two FQ-labeled homogenates were 

diluted to a total volume of 30 µL with 20 mM borate buffer, pH 9.2 before CE analysis. 

 Derivatization Procedure for Standards 

 A standard mixture of 4 amines was derivatized off-line with FQ prior to CZE analysis.  

A 20 µL aliquot of 10 mM FQ in methanol stored at -20 °C was dried using N2 gas prior to the 
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labeling reaction.  A 25 mM KCN solution in 20 mM borate pH 10 was prepared.  Amino acid 

stock solutions (50 mM) were prepared in 20 mM borate buffer at pH 10.  For a standard amine 

mixture, the reaction was performed by combining 200 nmol of dry FQ, 4 μL of 25 mM KCN, 

and 2 μL of 10 mM amine solution (Figure 4).  The mixture was reacted at 65 °C in a water bath 

for 16 minutes in the dark.  The labeled standard solution was diluted to 501 μL in 20 mM 

borate, pH 10 prior to CZE analysis. 

 

 

 

 

 

 

 Derivatization Procedure for the CNS Homogenate 

 A 10 μL aliquot of the homogenized CNS and 2 μL of 25 mM KCN in 20 mM borate 

buffer at pH 10 were combined with 200 nmol of dried FQ.  The mixture was reacted at 65 °C in 

a water bath for 16 minutes in the dark.  The samples were diluted to 30 μL, 60 μL, or 120 μL in 

borate buffer, pH 9.2 before separation. 

 Capillary Electrophoresis Conditions 

 New capillaries were rinsed for 5 minutes with 0.01 M NaOH, nanopure water, and 20 

mM borate pH 9.2 prior to use.  Capillaries were regenerated after three injections via 

consecutive 5 minute washes with 0.01 M HCl, nanopure water, 0.01 M NaOH, nanopure water, 

and 20 mM borate pH 9.2.  Borate buffer (20 mM) at pH 9.2 was used as the background 

electrolyte.  All samples were injected into the capillary via siphoning from a height of 19.0 cm 

Figure 4.  Schematic of the FQ-labeling reaction of a primary amine such as glutamate. 
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for 5 s.  Separation was performed at 476 V/cm.  Analyte peaks were identified by comparing 

migration times of the standards to those of the sample peaks.  Peak height, peak area, and 

migration time were calculated using Cutter 7.0 developed by the Kennedy group.
15

 

Results and Discussion 

 A major goal of this study was to demonstrate that amino acids in the central 

nervous systems of 3
rd

 instar Drosophila larva could be quantified with CZE-LIF.  As the 

neurotransmitters have weak optical properties in vivo, the use of CZE-LIF requires the labeling 

of analytes with fluorescent compounds.  Selection of a suitable labeling reagent that reacts 

quickly with amines and does not dilute the sample is an important feature of this separation and 

quantification technique.  Fluorescein isothiocyanate (FITC) is a fluorescent derivatization agent 

for primary amines.  A 10 µL aliquot of 3 mM FITC reacts with 1 µL of 10 mM amino acid 

standards in a total volume of 100 µL.  The initial labeling reaction dilutes the sample.  In 

addition, excess FITC is fluorescent and produces interfering peaks in the electropherograms.  

For these two reasons, FITC was not used due to its unsuitable properties.  FQ was used for 

labeling the amines in the homogenate samples.  The advantages of FQ over other derivatization 

reagents are the fast reactivity and fluorogenic properties that do not generate interfering peaks in 

the electropherogram due to excess dye in the solution.  Another advantage of using dried FQ is 

that the sample is not diluted.  The focus of this work was on identifying and quantifying GABA, 

Gly, Glu, and Asp in CNS samples. 

 Calibration 

 The CZE-LIF instrument was calibrated with FQ-labeled standards in order to reduce 

systematic error.  FQ reacts with amine groups and the resulting molecules can be excited at λ = 

488 nm by an Ar
+
 laser.  Figure 4 illustrates a typical electropherogram for an FQ-labeled 
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standard amino acid mixture containing GABA, Gly, Glu, and Asp.  The average migration times 

(n=3) were 98.0±0.3 s, 100.7±0.3 s, 129.9±0.4 s, and 132.7±0.5 s for GABA, Gly, Glu, and Asp, 

respectively.  Calibration curves were constructed for GABA, Gly, Glu, and Asp using the peak 

heights and peak areas of labeled standards (Figures 5-9) and showed linearity in the 

concentration range with R
2
>0.96.  Calibration curves were constructed for GABA, Gly, Glu, 

and Asp using the average peak heights in Figure 5-7.  At various concentrations of FQ-labeled 

primary amines, the peak heights of each analyte in an electropherogram were averaged.  

Calibration curves were constructed for GABA, Gly, Glu, and Asp using the average peak areas 

in Figure 8-9.  At various concentrations of FQ-labeled primary amines, the peak areas of each 

analyte in an electropherogram were averaged.  The linear relationships between concentration 

and peak area or peak height yield similar but not identical equations.  The differences in 

sensitivity among the amino acids may be due to the different labeling efficiencies between FQ 

and the amino acids and the quantum yield of the resulting FQ-labeled products. 

  

 

 

Figure 4.  CZE-LIF detection of standard amino acids.  Representative electropherogram for a 

sample containing 1 μM GABA, 2.5 μM Gly, 7.5 μM Glu, and 6 μM Asp.  Separation conditions:  

E = 476 V/cm, 5 s injection, 25 μm i.d., separation distance = 32 cm. 
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Figure 5.  Instrument calibration for FQ labeled Glu (♦) and Asp (■) using average 

peak height against the concentration.  Separation conditions:  E = 476 V/cm, 5 s 

injection, 25 μm i.d., separation distance = 32 cm. 

 

Figure 6.  Instrument calibration for FQ labeled GABA (♦) using average peak height against the 

concentration.  Separation conditions:  E = 476 V/cm, 5 s injection, 25 μm i.d., separation distance = 32 

cm. 
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Figure 7.  Instrument calibration for FQ labeled Gly (♦) using average peak height against the 

concentration.  Separation conditions:  E = 476 V/cm, 5 s injection, 25 μm i.d., separation 

distance = 32 cm. 

 

 

Figure 8.  Instrument calibration for FQ labeled GABA (♦) and Gly (■) plotting average 

peak areas against the concentration.  Separation conditions:  E = 476 V/cm, 5 s injection, 25 

μm i.d., separation distance = 32 cm. 
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 CZE-LIF Analysis of CNS Homogenate 

The six different conditions that were tested are summarized in the Table 1 below: 

 Condition 

 1 2 3 4 5 6 

0.1 M 

HClO4 

4 µL 4 µL 4 µL 0 µL 0 µL 0 µL 

10 mM 

SDS 

8 µL 10 µL 8 µL 2 µL 2 µL 2 µL 

0.2 M 

NaOH 

2 µL 0 µL 2 µL 2 µL 0 µL 2 µL 

20 mM 

borate pH 

10 

0 µL 0 µL 0 µL 10 µL 12 µL 10 µL 

Disruption Glass rod Glass rod Sonication Glass rod Sonication Sonication 

Table 1.  A summary of the different volumes used for the six different sample conditions tested. 

 The high sensitivity of CZE-LIF detection was used to identify the primary amines in the 

homogenates of 3
rd

 instar Drosophila larva.  The tissues of three CNS structures were disrupted 

Figure 9.  Instrument calibration for FQ labeled Glu (♦) and Asp (■) plotting average peak areas 

against the concentration.  Separation conditions:  E = 476 V/cm, 5 s injection, 25 μm i.d., 

separation distance = 32 cm. 
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either with a glass rod or in a sonication bath before labeling with FQ prior to the separation.  

The homogenate was filtered through a 3K Nanosep centrifuge device to remove proteins and 

large pieces of nervous tissue that may interfere with the labeling reaction.  We focused our 

analysis on low molecular weight primary amines in the CNS, thus removal of the larger primary 

amines from the homogenate resulted in cleaner electropherograms.  The electropherograms in 

Figure 10 shows the number and intensity of the FQ-labeled primary amines present in the 

homogenate for the CNS samples digested in the six different conditions.  Samples were diluted 

2.5 fold to 10 fold before analysis to minimize interference from other primary amines that were 

labeled in the homogenate.  Approximately 7 to 8 peaks were observed in the CNS samples after 

dilution.  Although the electropherograms were similar for all of the samples, the intensity of the 

peaks varied.   

  

 

 

 

 

Figure 10.  Electropherograms of CNS homogenates from 3
rd

 instar Drosophila melanogaster 

larva.  Three electropherograms were obtained for 12 different CNS samples in which each 

condition was tested on 2 sets.  The samples were diluted 2.5 fold to 10 fold before analysis.  

Separation conditions:  E = 476 V/cm, 5 s injection, 25 μm i.d., separation distance = 32 cm.  

Electropherograms are offset on the y-axis for visualization.  Peaks for GABA (■), Gly (●), Glu 

(▲), and Asp (♦) are identified. 
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 Peak identification was accomplished by correlating the migration times of the analyte 

peaks with those of the standards and also by spiking the homogenate with GABA, Gly, Glu, 

and/or Asp (Figure 11).  Four peaks corresponding to GABA, Gly, Glu, and Asp were identified.  

When the samples were spiked with standards, the peaks heights corresponding to the four 

primary amines of interest increased, thereby, confirming the presence of GABA, Gly, Glu, and 

Asp in the homogenate. 

  

 

 

 

 The concentration of biogenic amines was quantified using the calibration curves 

constructed for GABA, Gly, Glu, and Asp.  Average peak heights and average peaks areas were 

used to determine the amount of GABA, Gly, Glu, and Asp in 3 CNS structures. 

 

 

 

 

Figure 11.  Peak identification of GABA, Gly, Glu, and Asp in the CNS homogenate.  The 

sample was spiked with 119 nM Asp and Glu along with 74 nM GABA and Gly.  

Separation conditions:  E = 476 V/cm, 5 s injection, 25 μm i.d., separation distance = 32 

cm. 
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pmol/3CNS 

Condition GABA Gly Glu Asp 

1 43±9 146±8 768±544 390±150 

2 29±3 91±2 652±103 664±56 

3 7±2 51±9 157±43 267±145 

4 6±3 57±2 141±97 441±419 

5 13±2 97±1 192±62 112±43 

6 7±3 28±1 111±69 53±20 

 

 

 

 

 

 pmol/3CNS 

Condition GABA Gly Glu Asp 

1 68±11 217±10 857±670 549±248 

2 55±20 126±13 834±87 1044±228 

3 13±7 80±20 187±82 434±368 

4 7±4 67±30 129±94 494±482 

5 26±5 160±13 281±53 227±89 

6 9±5 43±21 170±176 119±125 

 

 

 

 

 The average mass of GABA in the 3 CNS structures under each condition was calculated 

using two homogenates prepared on the same day, and the average ranged from 6 pmol/3 CNS to 

43 pmol/3 CNS when calculated using peak height and ranged from 7 pmol/3 CNS to 68 pmol/3 

CNS when calculated using peak area.  Using both calculation methods, the first condition 

recovered the largest amount of GABA from the nervous tissue.  Although the average mass of 

Table 2.  Masses of GABA, Gly, Glu, and Asp in CNS homogenates for the six different conditions 

tested.  Masses were calculated using the average peak heights for two different (n=2 homogenates 

and 6 electropherograms) CNS samples for all six conditions except for Condition 5 in which n=1 

homogenate and 3 electropherograms.  It was assumed that the labeling reaction between FQ and the 

biogenic amines went to completion.  Results presented as mean ± standard deviation. 

 

Table 3.  Masses of GABA, Gly, Glu, and Asp in CNS homogenates for the six different conditions 

tested.  Masses were calculated using the average peak areas for two different (n=2 homogenates and 

6 electropherograms) CNS samples for all six conditions except for Condition 5 in which n=1 

homogenate and 3 electropherograms.  It was assumed that the labeling reaction between FQ and the 

biogenic amines went to completion. 
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GABA was lower when calculated using peak area rather than the peak height, the percent 

relative standard deviation was lower suggesting that the peak area is more reproducible than the 

peak height. 

 The average mass of Gly in the 3 CNS structures under each condition was calculated 

using two homogenates prepared on the same day, and the average ranged from 28 pmol/3 CNS 

to 146 pmol/3 CNS when calculated using peak height and ranged from 43 pmol/3 CNS to 217 

pmol/3 CNS when calculated using peak area.  Using both calculation methods, the first 

condition recovered the largest amount of Gly from the nervous tissue.  Similar to the 

calculations for GABA, the percent relative standard deviation for Gly was lower when the 

amount was calculated using peak area instead of peak height. 

 The average mass of Glu in the 3 CNS structures under each condition was calculated 

using two homogenates prepared on the same day, and the average ranged from 111 pmol/3 CNS 

to 768 pmol/3 CNS when calculated using peak height and ranged from 129 pmol/3 CNS to 857 

pmol/3 CNS when calculated using peak area.  Using both calculation methods, the first 

condition recovered the largest amount of Glu from the nervous tissue.  The error in the 

calculation for the amount of Glu under the first condition was high when using peak height and 

peak area.  For Glu, the average mass was much lower in one homogenate sample than in the 

other.  This difference is the reason for the large error. 

 The average mass of Asp in the 3 CNS structures under each condition was calculated 

using two homogenates prepared on the same day, and the average ranged from 53 pmol/3 CNS 

to 664 pmol/3 CNS when calculated using peak height and ranged from 119 pmol/3 CNS to 1044 

pmol/3 CNS when calculated using peak area.  Using both calculation methods, the second 

condition recovered the largest amount of Asp from the nervous tissue. 
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 It is interesting to note that the third, fifth, and sixth conditions consistently extracted 

lower amounts of all four biogenic amines.  These are the conditions that used sonication as the 

disruption method.  It seems that manually breaking the CNS with a glass rod results in higher 

amounts of the amines in the homogenate samples.  However, it is presumptuous to assume that 

the only reason for the lower molar contents is due solely to the disruption method.  The 

presence and volume of HClO4, NaOH, SDS, and borate buffer also contributed to the amine 

recovery.  Studies quantifying the biogenic amines in D. melanogaster larva have focused on 

serotonin, dopamine, and octopamine.  No literature values for GABA, Gly, Glu, and Asp in D. 

melanogaster were found. 

Conclusion 

 Here, we investigated six different sample preparation conditions the determine the 

optimized recovery of biogenic amines in the CNS of 3
rd

 instar Drosophila larva.  CZE-LIF was 

a powerful technique for this analysis because of its high sensitivity and nanoliter sample 

requirements.  Although three CNS structures were used for each homogenate, the sensitivity of 

the instrument is sufficiently high that a single CNS could be used for each sample.  Single CNS 

samples would allow determination with greater precision whether the variation in the masses of 

biogenic amines was due the varying preparation conditions or to heterogeneity among the larva.  

As shown in the electropherograms, several other peaks were observed suggesting the presence 

of unknown primary amines.  More studies are necessary to identify and quantify these 

compounds to understand their role in the development of the nervous system in larva.  In 

addition, it will be important to explore the reproducibility of these results in the antennal lobes 

of Manduca sexta so that the chemical environment can be more accurately determined. 
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