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with excitation/emission at 488/590 nm.  Running buffer:  
(a) 20 mM boric acid with 60 mM SDS at pH 9.0.  Capillary 
i.d.= 50 µm.  (b)  15 mM boric acid with 45 mM SDS and 5 
mM sodium cholate at pH 9.0. Capillary i.d. = 20 µm.   (c)  
15 mM boric acid with 45 mM SDS and 5 mM sodium 
cholate at pH 9.0. Capillary i.d.= 25 µm.  (d)  15 mM boric 
acid with 45 mM SDS, 5 mM sodium cholate, and 4% (v/v) 
2-propanol at pH 9.0. Capillary i.d. = 20 µm.  
Excitation/emission at 488/590 nm.  GABA peak indicated 
by Δ and homoserine peak indicated by † in each case. 
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2. Standard additions calibration curve for the determination 
of GABA concentration in tissue sample #36.  The 
regression line equation is GABA peak height=31586 
(RFU/μM)*(added GABA concentration) +15266 (RFU).  
R2=0.9999 
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3. Electropherogram of FQ-derivatized neurotransmitter 
standards.  Peaks: 1=homoserine (5 µM); 2=glycine (1 µM); 
3=taurine (1 µM); 4=GABA (1 µM); 5=norepinephrine (7 
µM).  Excitation/emission at 488/590 nm and capillary i.d.= 
20 µm.  Run buffer: 15 mM boric acid with 45 mM SDS, 5 
mM sodium cholate, and 4% (v/v) 2-propanol at pH 9.0. 
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4. Electropherogram for prelabeled (by FQ) rat brain 
microdialysate sample.  Peaks: 1=homoserine; 2=glycine; 
3=taurine; 4=GABA; 5=norepinephrine.  
Excitation/emission at 488/590 nm and capillary i.d.= 20 
µm.  Run buffer: 15 mM boric acid with 45 mM SDS, 5 
mM sodium cholate, and 4% (v/v) 2-propanol at pH 9.0. 
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APPENDIX B 
 

1. Scheme 1. 
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2. UV-Vis spectrum of 6.77 µM product 3 in methanol. 
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3. 1H NMR of product 3, scheme 2 in DMSO. 285

4. Scheme 2. 
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 Capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) is a 

versatile and sensitive analytical tool with many potential applications.  Its advantages 

over other chromatographic methods include minimal solvent and sample requirements, 

low waste volumes, simple instrumentation, and diversity of analytes studied.  CE is one 

of the most efficient separation techniques available for the analysis of both large and 

small molecules, but because few analytes are natively fluorescent, it is necessary to bind 

them with fluorescent tags if LIF detection is to be employed.  These tags increase 

sensitivity and provide additional separation from components of the sample that do not 

bind the tags. In this dissertation, four applications of CE-LIF for the determination of 

tagged analytes are documented.  First, a rapid CE-LIF method was developed for the 

determination of gamma-aminobutyric acid (GABA) and other important brain biogenic 

amines and amino acids present in biological samples at low levels.  The high efficiency 

and sensitivity necessary to identify toxicologically relevant changes in neurotransmitter 

levels in brain tissue and microdialysates following Mn exposure was achieved, and the 

method required minimum sample work-up and quantities of sample for analysis.  A 

linear relationship between the concentration of GABA and the CE-LIF peak height was 

established, with correlation coefficients of 0.989 or better for four neurotransmitters.  
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Second, the use of two squarylium-based fluorescent dyes (bis-SQHN-4d and SQHN-3c) 

as noncovalent protein labels was investigated.  The fluorescence emissions of both dyes 

were enhanced upon complexation with model proteins, demonstrating promise as 

noncovalent fluorescent protein labels. Third, the nature of interactions between two 

boronic acid-based probes (SQTM-BA1 and ANQW-BA1) and two model proteins 

(bovine serum albumin (BSA) and hemagglutinin (HA)) have been explored.  The 

complex between SQTM-BA1 and BSA was the only complex to show increased 

fluorescence emission, and the role of electrostatic interactions between SQTM-BA1 and 

BSA in complex formation was explored.  Lastly, CE-LIF methods were developed to 

label and quantify turnip yellow mosaic virus (TYMV).  Noncovalent labels Red-1c and 

NN127 effectively labeled the surface proteins of the virus, and the labeled viruses were 

then analyzed by CE-LIF.  The CE-LIF methods developed herein for the analysis of 

neurotransmitters, free solution proteins, and viruses demonstrate the versatility of the 

technique, especially when coupled with fluorescent labeling. 
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CHAPTER I 
 
 

INTRODUCTION 
 
 

Capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) is a 

versatile and sensitive analytical tool with many potential applications.  Its advantages 

over other chromatographic methods include minimal solvent and sample requirements, 

low waste volumes, simple instrumentation, and diversity of analytes studied.  A wide 

variety of analytes can be studied because the separation is based on the size and charge 

of the analyte.  The separation conditions can be easily altered using different buffers and 

buffer additives. However, since few analytes are naturally fluorescent, LIF detection 

requires analytes to be tagged with fluorescent probes, which can increase sensitivity and 

yield additional separation from other sample components that do not bind the probes.  

LIF is advantageous because not all dyes interact with all analytes so this allows for 

increased selectivity.  In this work, fluorescent tagging and CE-LIF separation methods 

appropriate for the detection of analytes of widely varying size and type, ranging from 

neurotransmitters (Chapters II-IV), to proteins (Chapter V-VI), to intact viruses (Chapter 

VII) were developed.  Our interest in each class of analyte is described later in this 

chapter.  

CE THEORY 

CE is one of the most efficient separation techniques available for the analysis of 

large and small molecules.  Instrumentation consists of a high voltage supply (typically ± 

30 kV), a fused silica capillary (typically 25-100 µm inner diameter) filled with buffer, 

two buffer reservoirs, two platinum electrodes, and a detector, which is typically located 
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on-column so as to avoid efficiency losses associated with transfers to an external sample 

cell (see Figure 1).  The fused silica capillary is coated with polyimide to make it stronger 

and more flexible.1  The inside surface is rich with silanol groups (Si-OH), which are 

very acidic in nature and so can be ionized above pH 2 thus resulting in a negatively 

charged inner wall that can interact with oppositely charged molecules.2  The capillary 

possesses precise dimensions, high dielectric constant, low electrical conductivity, high 

thermal conductivity, chemical inertness, high mechanical strength, and high optical 

transmission over a wide spectrum of light (100-900 nm).3  The sample is introduced by 

controlling the injection voltage (electrokinetic injection) or the injection pressure 

(hydrodynamic injection), while one end of the capillary is in a sample vial.  The 

injection system can be automated for commercial instrumentation.  CE is fast, uses very 

little sample, and is much cheaper than chromatography and faster than conventional 

electrophoresis.4  

 Electrophoresis is the process describing the migration of ions under the influence 

of an electric field.  The electrophoretic mobility of an ion is proportional to the charge 

on the ion and inversely proportional to its radius, and is also directly dependent upon the 

magnitude of the applied electric field (see Figure 2).1   Electroosmosis refers to the 

movement of the buffer in the capillary.  The negative charges on the inner surface of the 

capillary are counter-balanced by positive ions in the buffer forming an electric double 

layer.  As the positive charges in the double-layer migrate toward the cathode they drag 

along the water molecules of hydration.  This causes electroosmotic flow (EOF).4  The 

amount of time an analyte spends in the capillary is partially determined by the EOF.  

The magnitude of the EOF changes with pH and the EOF flow profile is flat, not laminar 
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like high-pressure liquid chromatography (HPLC), which keeps the flow uniform and 

reduces band broadening.  Factors affecting the control of EOF are summarized in Table 

1.  

The apparent or net mobility of a solute is the sum of the electrophoretic mobility 

(motion of charged analytes under an electric field) and the electroosmotic mobility 

(EOF).   Neutral solutes migrate with the electroosmotic flow while the positive ions 

move ahead of it and negative ions move behind it (see Figure 2).  Joule heating is the 

result of the resistance of the solution to the flow of the current.  If the heat is not 

dissipated the resulting increases in temperature and density gradients reduce the 

separation efficiency.  Because of the large surface area-to-volume ratio of a capillary 

(relative to a slab gel format, for example), the capillary dissipates the heat more 

efficiently.  This allows for a higher voltage to be applied for the separation.4  

MODES OF CE 
 There are five main modes of CE: capillary zone electrophoresis (CZE), micellar 

electrokinetic chromatography (MEKC), capillary gel electrophoresis, isoelectric 

focusing, and isotachophoresis.5  These modes are listed in Table 2 with their basis for 

separation.  CZE (Chapters V and VII) and MEKC (Chapters II-IV and Appendix A) are 

the two modes used in the current work. 

CZE is the most widely used mode due to its simplicity and versatility.  

Application areas for this technique include the analysis of amino acids, peptides, small 

inorganic and organic ions, enantiomers, and other ionic species.  An illustration of this 

separation technique is shown in Figure 3.   A buffer to be used in CZE must possess 

good buffering capacity in the pH range of choice, low absorbance at the wavelength of 

detection, and low mobility (large, minimally charged ions) to minimize current 
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generation.  Buffers may contain specific additives. For example, using surfactants below 

the critical micelle concentration (CMC) can act as solubilizing agents for hydrophobic 

solutes, or as ion pairing reagents, or as wall modifiers (to alter EOF and limit solute 

adsorption to capillary walls).5  Other common buffer additives, as employed in some of 

the present studies, include low concentrations of organic solvents or low concentrations 

of soluble polymers.  Table 3 shows the effects of several buffer additives.   

Capillary gel electrophoresis is used in the biological sciences for size-based 

separations of macromolecules.  It is the electrophoresis of solutes through a suitable 

polymer matrix, which acts as a “molecular sieve”.  As solutes move through the 

capillary, larger solutes become more hindered than smaller solutes.  This technique is 

good for DNA because the mass to charge ratio (m/z) does not vary with size and so 

some other separation mechanism is required.5  

Capillary isoelectric focusing is used to separate peptides and proteins according 

to their isoelectric point or pI value.  This technique can separate peptides and proteins 

with a difference of 0.005 pI units and less.  First, the capillary is filled with a mixture of 

the sample and ampholytes spanning a targeted pH range.  A basic buffer is put at the 

anodic end and an acidic buffer at the cathodic end of the capillary.  A charge is applied 

and the analytes move through the capillary until they reach the zone formed in the 

capillary by the ampholytes which corresponds to their pI.  When this process is complete 

no current flows and the analytes are focused into narrow bands along the capillary.  

Pressure is then applied to move the analytes past the detector.  This technique is used to 

measure protein pI and to separate isoforms, as well as for the analysis of dilute 

biological samples.5  
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Capillary isotachophoresis is a “moving boundary” electrophoretic technique.  

Two buffer systems are used to create a state where separate zones move at the same 

velocity.  The zones are between the leading and terminating electrolytes.  You can either 

separate anions or cations by this technique, but not both simultaneously.  There is a 

constant concentration effect in the zone and this technique can be used for 

preconcentration.5  

In 1984 Terabe introduced micellar electrokinetic chromatography (MEKC).6, 7  

The development of MEKC has allowed for the separation of neutral molecules, as well 

as charged molecules, by capillary electrophoresis using micelles in the separation buffer.  

Micelles are aggregates of amphiphilic monomers called surfactants.  When surfactant  

molecules exceed their CMC they are drawn together by the polar medium with the 

hydrophobic tails pointing inward and the hydrophilic heads facing outward.  The 

micelles serve as a pseudostationary phase that solutes can interact with during the 

separation, but which themselves migrate along the capillary.  For neutral analytes, only 

the partitioning in and out of the micelles brings about their separation.5  The surfactant 

also helps to minimize the adsorption of compounds on the negatively charged, ionized 

silanol sites of the capillary walls.  Adsorption onto the walls can lead to sample loss, 

peak broadening, poor resolution, unstable EOF, and long migration times.8  The strength 

of the EOF is important when dealing with anionic surfactants such as SDS.  Anionic 

micelles move in the opposite direction from the EOF because they are attracted to the 

anode.  However, at a pH greater than 5 the EOF is stronger than the mobility of the 

micelle and the micelle moves toward the cathode and, thus, the detector (when running 

the CE in positive mode).   
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The partitioning of the solutes between the micelles and buffer can be controlled 

by the concentration of the surfactant, buffer additives, temperature, pH, and ionic 

strength.4, 9, 10  Adding organic modifiers to the buffers increases the migration time and 

reduces the distribution of the compounds into the micelles.10  The effect of the organic 

modifier on pH, micelle property, and solute selectivity is complicated and not fully 

understood.11  At high organic concentrations the micelles will not aggregate.10  The 

addition of moderate proportions of organic modifiers, however, results in improved 

resolution by the interaction of the organic solvent with the capillary wall.  This extends 

the micelle migration time and elution window.  Organic modifiers also decrease the 

overall polarity of the mobile phase allowing the solutes to distribute more equally 

between the mobile phase and the micelles.  Low molecular weight solvents have 

minimal interactions with the micelles that could lead to the break-up or inhibition of 

micelle formation.12  

DETECTION TYPES FOR CE 

 There are many different types of detection for capillary electrophoresis including 

UV-Vis absorbance, fluorescence, and amperometry. The main detection methods are 

summarized in Table 4 along with their limits of detection (LOD) and some advantages 

and disadvantages of each.  The focus of this work is on laser-induced fluorescence 

detection (LIF) and so it will be described in more detail. 

Fluorescence Detection 

Fluorescence is the emission of light from the transition of an electronically 

excited molecule in a singlet state to its electronic ground state.  The molecule is excited 

by absorbing a photon of an appropriate wavelength, promoting a bonding or non-
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bonding electron to an anti-bonding orbital.  Only a limited number of molecules in the 

excited state will emit fluorescence because of the competition of internal conversion and 

inter-system crossing.  Therefore, a good fluorophore must possess a high fluorescence 

quantum yield, meaning that it should have a rate constant for fluorescence faster than 

those of the radiationless transitions.  It should also have a high molar absorptivity.13  

LIF is the second-most widely used detection method (behind UV-Vis absorption) 

because of its high sensitivity and selectivity.2, 14  LIF is achieved by using a laser as the 

excitation source.2  Its main disadvantage is that many molecules are not natively 

fluorescent with sufficient quantum yields at easily measured wavelengths and the cost of 

some gas and dye laser systems can be high.13   Another disadvantage is increased sample 

preparation and handling.  In some cases the time for sample preparation can exceed the 

time required to conduct the separation.15  

There are two ways to detect an analyte that does not have native fluorescence.  

The first is indirect fluorescence detection, in which a fluorescent running buffer is used 

and the analyte displaces or pairs with the fluorescent molecules.  This technique is based 

on charge displacement.  The second is by derivatization.6  In principle almost any 

detection method can be combined with a derivatization procedure.  Fluorescence is the 

most favored choice.  It is more sensitive and selective than UV detection.13, 15   It is also 

applicable to a wider variety of solvents than electrochemical detection and is more 

robust than chemiluminescence and electrochemical detection.  LIF offers selective 

excitation, small detection volumes, and high signals.  In addition to improved sensitivity, 

other reasons to derivatize a sample in order to facilitate LIF detection include improved 

resolution and improved electrophoretic behavior.13  Typically, the limit of detection for 
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samples is controlled by the concentration of analyte necessary for derivatization, not by 

the capability of the detector.16  Derivatization is difficult to achieve with dilute samples.  

Because of this, dilution needs to take place after derivatization.15  The two types of 

derivatization are covalent, where a covalent bond is formed between the analyte and 

reagent, and noncovalent, which may include ion-pair formation, hydrogen bonding, 

intercalation, and/or electrostatic interactions.13  The majority of the derivatization 

schemes use covalent labels.  However, covalent labeling can require strict control of 

solution pH and temperature.  This could mean that derivatization may not be 

accomplished at the physiological conditions needed for the preservation of some 

biological samples.15 Covalent labeling can also be very time consuming.  Because of this, 

noncovalent labeling techniques aid in making fluorescence studies easier.2  Despite the 

many advantages, noncovalent labeling is not without its disadvantages when compared 

to covalent labeling.  These disadvantages include decreased selectivity, reduced complex 

stability, and reduced lifetimes of complexes.15 

Furthermore, derivatization (when coupled with a separation process) can be 

accomplished according to three possible modes: pre-column, on-column, or post-column.  

The most suitable approach is dictated by the reason for derivatization, the number of 

samples, and the chemical properties of the reagent and analyte.  Post-column and on-

column are better suited for automated systems because they can be done on-line, 

whereas pre-column procedures must be done off-line.13  Post-column is also 

advantageous because there is no change in the analyte’s mobility due to the label.  

Disadvantages of post-column derivatization are loss of efficiency and analyte, dilution 

of analyte, incomplete reactions, and higher baseline noise.17  On-column labeling 
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provides a simpler protocol than post- or pre-column labeling with no sample 

pretreatment required.  Limits of detection may also be improved for on-column labeling 

when compared to post- or pre-column labeling because during on-column labeling the 

dye concentration is essentially constant throughout the capillary and the equilibrium 

between the free dye and the dye-analyte complex is readily established and maintained 

throughout the CE separation.  There is also no interference from excess un-complexed 

reagent because any background fluorescence is included in the baseline signal with on-

column labeling.  The disadvantages of on-column labeling are that it does not work well 

for covalent labels that require long reaction times, and there is not as wide a variety of 

readily available reagents as with pre-column labeling.  The advantages of pre-column 

derivatization are better control of reaction conditions, the absence of restriction with 

respect to reaction kinetics, and the ease with which derivatization can be performed.13, 17  

Pre-column labeling is preferred because of the flexibility in optimizing the reaction 

conditions (the reaction conditions do not need to be compatible with the electrophoretic 

conditions), the availability of a wide variety of reagents, and lack of need for extra 

instrumentation.  Some of the disadvantages include the need for removal of excess 

reagent before separation, and potential instability of derivatives.  One advantage of CE 

over LC in this case is that the separation of the derivatives from the excess reagent is not 

usually a problem because the separation is not based on polarity but on the charge-to-

mass ratio.13  The main disadvantages of this type of derivatization are the formation of 

side products and derivatization of other sample components, and the possibility for 

contamination or analyte loss.   
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When choosing a label for an analyte certain factors must be taken into account.  

First, the reaction conditions: the analyte must be stable under the chosen conditions and 

it must dissolve in the required solvent; second, the possibility of side reactions; third, the 

fluorescence sensitivity of the derivatives; fourth, the difference in spectroscopic 

properties between the label and its reaction products; and fifth, the purity, stability, 

availability, and price of the label.  In an ideal situation, a derivatization should be fast, 

occur under mild conditions, form a single, stable, and highly fluorescent derivative, and 

the label itself should not be fluorescent.13  Labels can be chosen with specific reactions 

to reduce interferences in the electropherogram, and careful control of labeling conditions 

can be achieved, resulting in a single tagged analyte with sharper peaks and improved 

efficiencies.15  

CLASSES OF FLUORESCENT DYES 

Covalent Probes 

Several dyes that form covalent bonds with target analytes to yield fluorescent 

products were employed in the present work. One such dye is fluorescamine, which is a 

non-fluorescent reagent that rapidly reacts at room temperature with primary amines to 

form highly fluorescent compounds.  This speed of reaction in many ways mimics the 

noncovalent labeling chemistries to be discussed later in this section.  Fluorescamine can 

be used in aqueous solution but also in organic solvents and on solids.  There is low 

background noise due to the hydrolysis of excess reagent provided the reagent is stored in 

dry form or in solution with organic solvents, prior to dilution with aqueous buffers just 

before reaction and analysis.  The structure and spectral properties of fluorescamine are 

shown in Table 5.18  
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Another covalent probe used in this work is ATTO-TAGTM FQ (3-(2-

furoyl)quinoline-2-carboxaldehyde), which reacts with primary amines, hydrophilic 

peptides, and amino sugars in the presence of a nucleophile to form highly fluorescent 

conjugates.  This reagent is especially effective for post-column or pre-column 

derivatization of proteins, peptides and other large amines since the derivatives are stable 

for about 24 hours and don't undergo much internal quenching.  ATTO-TAG FQ (or FQ, 

for short) also offers high sensitivity, and freedom from background signal; because the 

difference between the excitation and emission wavelengths (488/590) is so great, the 

background interference from the excitation source can be spectrally removed.  The 

structure and spectral properties of FQ are shown in Table 5.  For the complete 

derivatization of amino acids, at least a six-fold molar excess of FQ and a five-fold molar 

excess of nucleophile (e.g. cyanide) should be used.19  For more dilute samples this ratio 

must be increased.  Derivatization is usually carried out by mixing the amino acid or 

peptide with the KCN solution and FQ solution.  This mixture is allowed to react for at 

least one hour at room temperature.  The optimal pH for this reaction is 8.5 to 9.5. 

 Another class of covalent dyes used in this work is the boronic acid based probes, 

SQTM-BA1 and ANQW-BA1.  SQTM-BA1 is based on an asymmetric squarylium dye, 

while ANQW-BA1 is based on an anthracene dye, and structures of both are shown in 

Table 5.  Boronic acids have been used as the recognition moiety in the construction of 

sensors for saccharides,20-27 as nucleotide and carbohydrate transporters,28-34 as affinity 

ligands for the separation of carbohydrates and glycoproteins,35-40  and chromatographic 

materials.41  In designing selective glycoprotein fluorescent labels, boronic acids occupy 

a special place because of their strong functional group interaction with the diols that 
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exist on glucose and other sugars.  Boronic acids covalently react with 1,2- or 1,3-diols in 

aqueous solution to form five- or six-membered cyclic esters.  Adjacent rigid cis diols of 

saccharides normally form stronger cyclic esters than simple acyclic diols like trans diols.  

This complexation is reversible, which makes these probes ideal candidates for 

glycoprotein labeling.42  

Noncovalent Probes 

Noncovalent binding of fluorophores to analytes may include hydrophobic, 

electrostatic, and hydrogen-bonding interactions.  The main advantage of noncovalent 

binding is that it is less labor and/or time intensive than covalent labeling techniques.43  

Some other advantages are ease of sample preparation, amenability to neutral pH’s and 

moderate temperatures, compatibility with on-column labeling protocols, and speed of 

the reaction.14, 15, 43, 44  Disadvantages of noncovalent labeling include decreased 

selectivity and reduced complex stability and lifetimes when compared to covalent 

techniques.  The weakness of the binding typically rules out uses with GC and HPLC 

separation protocols, in which the separation is based on physical partitioning. However, 

this is not the case with CE,45 which is, relatively speaking, a ‘soft’ separation technique 

and so noncovalent labeling is entirely feasible.  A new and promising extension of this 

analytical approach is the application of noncovalent dyes with surface-bound proteins on 

intact microbes with CE-LIF. 

Bis-SQHN-4d, SQHN-3c, Red-1c, and NN127 all belong to the squarylium class 

of dyes, which have traditionally found applications as photoconductors, in organic solar 

cells, in optical recording media, and as optical sensors46-49 as well as labels for 

proteins.14  They are known for their long excitation and emission wavelengths and 
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resistance to photodegradation.  NN127 is a commercially available (KPS Technologies, 

Atlanta, GA) symmetric squarylium dye that is water insoluble.14, 15  However, it can be 

dissolved in minimal volumes of methanol and then used in aqueous buffers.  The 

structure and spectral properties of NN127 are shown in Table 6. 

Red-1c, bis-SQHN-4d, and SQHN-3c (structures and spectral properties in Table 

6) all belong to a new class of asymmetric squarylium dyes that form noncovalent bonds 

with proteins.44, 50-52  The asymmetric groups on the squaraine ring of the dye allow for 

tailoring of the functional groups for better interaction with different analytes.   The 

structure and spectral properties of Red-1c, bis-SQHN-4d, and SQHN-3c are shown in 

Table 6.  The wavelength of excitation for Red-1c is 607 nm; however, when Red-1c is 

bound to protein, the wavelength of excitation shifts to 642 nm.44  The excitation 

wavelength of SQHN-3c is red-shifted by almost 20 nm (to 655 nm) in the presence of 

human serum albumin HSA protein, with an emission maximum near 680 nm under 

acidic solution conditions.  

Near IR (NIR) dyes have advantages over traditional dyes.  Background 

interference is low because few classes of molecules undergo electronic transitions in this 

low energy region.53  Photodecomposition is reduced in this region.  The semi-conductor 

diode lasers that are used with these dyes are cheaper than other lasers such as the Ar ion 

laser.54  Although these dyes may form non-fluorescent aggregates in aqueous solution,43 

this may keep background fluorescence at a minimum.  There are only a small number of 

NIR dyes commercially available for covalent derivatization so noncovalent 

derivatization is of interest and importance for these dyes. Furthermore, the NIR 
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wavelengths can penetrate the skin and tissues, which suggests clinical diagnostic 

applications for these dyes.43, 55   

Because these are noncovalent labels, on-column labeling is possible.  This is 

because there is not a long period of time required for the reaction between the label and 

analyte.  During on-column labeling, the dye concentration is essentially constant 

throughout the capillary, and the equilibrium between the free dye and the protein-bound 

dye is readily established and maintained during the separation itself.  On-column 

labeling provides a simpler protocol with no sample pretreatment required, and typically 

offers an enhancement in sensitivity.44, 50  

APPLICATIONS OF CE-LIF 

CE-LIF Investigation of Neurotransmitters as Indicators of Manganism 

Cell signaling is part of a complex system of communication that governs basic 

cellular activities and coordinates cell actions. The ability of cells to perceive and 

correctly respond to their microenvironment is the basis of development, tissue repair, 

and immunity as well as normal tissue homeostasis. Cell signaling pathways can be 

affected by many different factors.  Errors in cellular information processing are 

responsible for diseases such as cancer, autoimmunity, and diabetes. By understanding 

cell signaling, diseases may be treated effectively.  Many cell signals are carried by 

molecules that are released by one cell and move to make contact with another cell.  For 

example, neurotransmitters are chemicals which relay, amplify and modulate signals 

between a neuron and another cell.  It is necessary to be able to identify relevant changes 

in neurotransmitter levels (for example, gamma-aminobutyric acid (GABA), 

norepinephrine (NE), glycine, and taurine) following environmental or dietary exposure 
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to potential neurotoxins. In particular, manganese (Mn) is known to be an essential 

nutrient for bone formation and normal metabolism of lipids, amino acids, proteins and 

carbohydrates, but manganism – or Mn-induced neurotoxicity resulting from airborne 

exposure or oral ingestion – is associated with elevated levels of Mn particularly in iron-

rich regions of the brain, and is characterized by Parkinson’s disease-like or 

schizophrenic-like symptoms.56, 57  In order to better understand the effects of manganism, 

a sensitive and selective CE-LIF method for the detection of neurotransmitters in brain 

tissue and microdialysate samples was developed.  Measurements of neurotransmitter 

concentrations in response to Mn exposure were collected.  By the fluorescent 

derivatization of active neurotransmitters with reagent FQ, followed by their 

determination by CE-LIF, the high efficiency and sensitivity necessary to identify 

toxicologically relevant changes in neurotransmitter levels in brain tissue and 

microdialysates following Mn exposure was achieved.  This can lead to an understanding 

of possible correlations between neurotransmitter levels and Mn exposure along with a 

better understanding of the effects of manganism on neural pathways.   

Characterization of New Squarylium Dyes 

Squarylium dyes are known for their long excitation and emission wavelengths,  

resistance to photodegradation, and efficient light absorption.  Specifically, this work 

explores the utility of two new asymmetric squarylium dyes, bis-SQHN-4d and SQHN-3c, 

as noncovalent protein labels by designing and quantifying pre-column and on-column 

labeling protocols for CE-LIF. By UV-Vis absorbance spectroscopy and fluorometry, the 

spectral properties of these novel noncovalent probes, in the absence and presence of 



16 
 

protein, were first established in order to better understand the conditions appropriate  not 

only for noncovalent complex formation but also for CE-LIF analysis. 

The Investigation of Boronic Acid Probes as Glycoprotein Selective Labels 

Proteins are the building blocks of microbial, plant, and animal entities and can 

serve as markers of changes in an environment or system. It is necessary to develop 

sensitive protein assays in order to be able to determine these important analytes in a 

range of sample types, ranging from free solution to surface- or membrane-bound 

proteins as essential components of intact microbes.  CE-LIF is appropriate for this task, 

as demonstrated in Chapters V-VIII.  The interaction of fluorescent dyes with proteins is 

a valuable tool for the detection and quantitation of those proteins.  Binding studies 

conducted between dyes and proteins can quantify the affinity of the dye to the protein.  

Using these measurements the strength of the interaction can be determined.  Binding 

studies involving two boronic acid probes, ANQW-BA1 and SQTM-BA1, and two 

proteins, hemagglutinin (HA) and BSA were conducted.  HA is a glycoprotein exposed 

on the surface of Influenza A particles that mediates receptor binding and membrane 

fusion, allowing viral RNA to enter the cytoplasm.58    Boronic acid has been known to 

have a high affinity for diol-containing compounds such as glycoproteins.59  These 

probes should show stronger binding to hemagglutinin than to BSA, if the boronic acid-

diol interaction is the primary method of interaction (since BSA is less glycosylated and 

so should only have weaker hydrophobic and/or electrostatic interactions with these 

probes).  The affinity of the boronic acid probes to BSA and hemagglutinin was 

compared.  Determining the binding strength between these proteins and the boronic acid 
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probes can help elucidate the next step in using these dyes for the detection of whole 

virus particles using CE-LIF. 

 Fluorescent Labeling of Intact Viruses for Analysis by CE-LIF 

Microorganisms are widespread throughout the environment and it has been 

suggested that viruses are the most abundant biological entities on earth.60  Because of 

the profound effects of viruses on humans and our environment, we undertook a study 

using the wild type turnip yellow mosaic virus (WT-TYMV) as a model virus to develop 

rapid analytical methods suitable for application to other viral particles to ultimately aid 

in clinical diagnosis, food analysis, environmental monitoring, and quality control.  

TYMV is a member of the tymovirus group, which causes dark and light pigmentation on 

leaves and stunts the growth of the Brassica family of plants.61 There are many 

challenges when studying viruses by conventional separation methods like CE, not the 

least of which include particle size and aggregation effects.  The extension of 

noncovalent labeling methods previously established for free-solution proteins to surface 

proteins on the virus capsid was conducted to compare the efficiency of these methods 

relative to covalently derivatized samples.  A sensitive and efficient separation 

methodology to allow for identification and quantification of microorganisms of various 

sizes including model viruses, bacteria, and free solution proteins has been developed.  

This is a complicated problem because microorganisms are, themselves, complicated 

supramolecular analytes and special considerations such as their amphoteric and 

aggregation behaviors; the influence of pH and ionic strength on analyte integrity; and 

the adhesion of particles to the capillary wall must be taken into account.   
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FIGURE LEGENDS 
 
Table 1: Parameters affecting electroosmotic flow in CE.5  

 
Table 2: Modes of CE.5  
 
Table 3: Common buffer additives and their effects on separation.1, 5  

 
Table 4: Methods of detection for CE.5  
 
Table 5: Structures of covalent dyes used in this work, with absorbance and emission 
maxima.   
 
Table 6: Structures of noncovalent dyes used in this work, with absorbance and emission 
maxima. 
 
Figure 1: Schematic of a typical CE instrument. 

Figure 2: Relative mobility of ions in CE 

Figure 3: Separation in CZE. 
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Table 1: Parameters affecting electroosmotic flow in CE.5  

Parameter Effect on 
EOF Comments 

buffer pH 
low decrease may change the charge on solute or alter 

structure; wall largely uncharged 

high increase most convenient/useful technique;  
capillary wall highly charged 

ionic 
strength 

low increase high current, more Joule heating;  
larger double layer thickness 

high decrease 
distorts peaks, limits sample stacking and 
sample adsorption; smaller double layer 

thickness 
electric 

field 
decrease decrease efficiency and resolution may decrease 
increase increase joule heating increases 
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Table 2: Modes of CE.5  
 
  

Mode Basis of Separation 
capillary zone electrophoresis (CZE) free solution mobility 

micellar electrokinetic  
chromatography (MEKC) 

hydrophobic/ionic interactions 
with micelle 

capillary gel electrophoresis size 
isoelectric focusing isoelectric point 

isotachophoresis moving boundaries 
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Table 3: Common buffer additives and their effects on separation.1, 5  

Additive Example(s) Effects 
cyclodextrins  chiral separations 

surfactants 
sodium dodecyl 
sulfate (SDS) 

sodium cholate 

absorbs to walls (wall modifiers), form 
micelles to yield “pseudo-stationary” phase, 

modify EOF 
zwitterions MES, TRIS, CHAPS increase ionic strength, affect selectivity 

polymers PEG, PVA, PEO decrease EOF, minimize adsorption, 
decrease wall charge, increase viscosity 

organics methanol, propanol, 
TFA decrease EOF 

metals  used with micellar electrokinetic capillary 
chromatography to alter selectivity 

urea  solubilizing agent, affects hydrogen bonding 
complexing 

buffers borates carbohydrate separation 
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Table 4: Methods of detection for CE.5  

 
  

Method Detection Limit 
(M)* Advantages/Disadvantages 

ultraviolet-visible (UV-Vis) 
adsorption 10-5-10-8 universal; diode array offers spectral 

information 
fluorescence 10-7-10-9 sensitive; sample derivatization required 

laser induced fluorescence 
(LIF) 10-14-10-16 very sensitive; sample derivatization 

required; expensive 

amperometry 10-10-10-11 
sensitive; selective but useful only for 
electroactive analytes; require special 
electronics and capillary modification 

conductivity 10-7-10-8 universal; selective but useful only for 
electroactive analytes 

mass spectrometry (MS) 10-8-10-9 
sensitive and offers structural 

information; complicated CE-MS 
interface 

indirect UV/fluorescence/ 
amperometry various universal; lower sensitivity than direct 

methods 
others: radioactivity, thermal lens, refractive index, circular dichroism, Raman, NMR, ICP 
* Assume 10 nL injection volume 
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Table 5: Structures of covalent dyes used in this work, with absorbance and emission 
maxima.   

Name Structure Molecular 
Weight (g/mol) (nm) (nm) 

Fluorescamine 

 

278.3 390 475 

ATTO-TAGTM 
FQ 

 

251.2 488* 590*

SQTM-BA1 

 

 

576.5 633 664 

ANQW-BA1 

 

 
 

341.2 362 410 

*maximum wavelengths when complexed with proteins or amino acids 
  

N
H

O

O

O

O

O

O

O
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Table 6: Structures of noncovalent dyes used in this work, with absorbance and emission 
maxima. 

Name Structure 
Molecular 

Weight 
(g/mol) 

 
(nm) (nm) 

bis-SQHN-4d 

 

 

588.6 410 600 

SQHN-3c 

 

474.6 637 675 

Red-1c 

 

486.6 607 656 

NN127 

 

 
 

552.6 622 669 

 

O 

O - 

N 
C2H5 

N + 
C2H5 

O

-O

N

N

C

O

HO

N
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Figure 1: Schematic of a typical CE instrument. 
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Figure 2: Relative mobility of ions in CE 
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Figure 3: Separation in CZE. 
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Abstract 

 Unlike other essential trace elements (e.g., zinc and iron) it is the toxicity of 

manganese (Mn) that is more common in human populations than its deficiency.  Data 

suggest alterations in dopamine biology may drive the effects associated with Mn 

neurotoxicity, though recently γ-aminobutyric acid (GABA) has been implicated.  In 

addition, iron deficiency (ID), a common nutritional problem, may cause disturbances in 

neurochemistry by facilitating accumulation of Mn in the brain.  Previous data from our 

lab have shown decreased brain tissue levels of GABA as well as decreased 3H-GABA 

uptake in synaptosomes as a result of Mn exposure and ID.  These results indicate a 

possible increase in the concentration of extracellular GABA due to alterations in 

expression of GABA transport and receptor proteins. In this study weanling-male 

Sprague-Dawley rats were randomly placed into one of four dietary treatment groups: 

control (CN; 35 mg Fe/kg diet), iron-deficient (ID; 6 mg Fe/kg diet), CN with Mn 

supplementation (via the drinking water; 1 g Mn/L) (CNMn), and ID with Mn 

supplementation (IDMn).  Using in vivo microdialysis, an increase in extracellular 

GABA concentrations in the striatum was observed in response to Mn exposure and ID 

although correlational analysis reveals that extracellular GABA is related more to 

extracellular iron levels and not Mn.  A diverse effect of Mn exposure and ID was 

observed in the regions examined via Western blot and RT-PCR analysis, with effects on 

mRNA and protein expression of GAT-1, GABAA, and GABAB differing between and 

within the regions examined.  For example, Mn exposure reduced GAT-1 protein 

expression by approximately 50% in the substantia nigra, while increasing mRNA 

expression approximately four-fold, while in the caudate putamen mRNA expression was 
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decreased with no effect on protein expression.  These data suggest that Mn exposure 

results in an increase in extracellular GABA concentrations via altered expression of 

transport and receptor proteins, which may be the basis of the neurological characteristics 

of manganism.    

 

Keywords: manganese, GABA, rat, microdialysis, brain 
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Introduction 

 Manganese (Mn), an essential nutrient functioning as a critical cofactor for 

many key enzymes in the body (Hurley and Keen, 1987), is required for proper immune 

function, regulation of metabolism, reproduction, digestion, bone growth, and blood 

clotting (see review by Aschner et al., 2005).  However, exposure to high concentrations 

of Mn is known to result in neurotoxicity.  Manganese neurotoxicity, or manganism, 

initially characterized by a psychiatric disorder resembling schizophrenia, shares 

neuropathologies with several clinical disorders, in particular Parkinson’s disease (Pal et 

al., 1999). Manganese neurotoxicity is associated with the accumulation of Mn in iron-

rich, dopaminergic regions of the brain, specifically areas of the basal ganglia (Aschner et 

al., 2005).  Manganism is most often associated with occupational exposure of welders, 

miners, and steel workers to chronic high levels of airborne particulate Mn (Pal et al., 

1999; Mergler et al., 1994), though cases from exposure to contaminated drinking water 

have been reported as well (Wasserman et al., 2006; Kondakis et al., 1989).   

Iron deficiency (ID) has become a clear risk factor for Mn accumulation (Davis et 

al., 1992; Erikson et al., 2002; Finley, 1999; Kwik-Uribe et al., 2000).  A common 

nutritional problem throughout the world, ID is associated with cognitive and behavioral 

problems (Beard, 2001), potentially disturbing neurochemistry by facilitating 

accumulation of Mn in the brain, as iron (Fe) status is known to affect absorption of Mn, 

regardless of Mn concentrations in the body (Chandra and Shukla, 1976; Shukla et al., 

1976).  Manganese most likely competes with Fe for transport via divalent metal 

transporter 1 (DMT-1) (Gunshin et al., 1997), a transporter of various divalent metals.  

DMT-1 mRNA expression is known to increase in cases of ID (Gunshin et al., 2001; 
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Burdo et al., 1999), and has recently become of interest as a potential transport protein for 

Mn (Garrick et al., 2003; Roth and Garrick, 2003).   While most research has focused on 

the effects of Mn neurotoxicity on the metabolism of dopamine (DA) due to locomotor 

effects, alterations in the metabolism of other neurotransmitters, such as γ-aminobutyric 

acid (GABA), have been noted (Garcia et al., 2006; 2007; Li, 1998).   

GABA is the most abundant inhibitory neurotransmitter in the adult brain 

(Beleboni et al., 2004; Olsen and DeLorey, 1999) and is found in the medium spiny 

neurons of the striatum, mediating the dopaminergic activity in this region (Ade et al., 

2008).    Cortical glutamate afferents project into the striatum where, in concert with 

GABA and DA, motor behaviors are controlled (Carlsson and Carlsson, 1990).  Li (1998) 

found alterations in GABA metabolism during ID, though no absolute changes in GABA 

concentration were detected.  Gwiazda et al. (2002) found a significant 16% increase in 

striatal GABA concentrations resulting from cumulative low-dose Mn exposure (14.4 mg 

Mn/kg body weight i.p./ week, over five weeks) in a pre-Parkinsonian rat model.  More 

recent studies have shown a significant increase in tissue levels of GABA in rats exposed 

to a high Mn diet at post-natal day 21 (Garcia et al., 2006), but not at earlier time points 

(Garcia et al., 2007), as well as a marginally significant (p<0.1) decrease in pallidal 

GABA concentrations in monkeys exposed to MnSO4, with a 20% decrease in caudate 

and putamen of Mn exposed monkeys compared to controls (Struve et al., 2007).  

Erikson et al. (2002) observed an inverse correlation between Mn and GABA 

concentration in the caudate putamen of ID male rats.  However, none of these studies 

examined extracellular levels of GABA, which would reflect what is happening at the 

synaptic level and can be associated with behaviors more relevantly than tissue levels.  
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While various microdialysis studies have observed the effect of Mn on extracellular DA 

concentrations (Vidal et al., 2005) or the relationship between GABA and DA (Expósito 

et al., 1999; Galindo et al., 1999), the effect of dietary Mn exposure on extracellular 

GABA concentrations has not been examined. 

A recent study by this lab found a significant decrease in 3H-GABA uptake 

correlating with increased Mn concentrations and ID in rat striatal synaptosomes 

(Anderson et al., 2007a), and we hypothesized that this was due to altered expression of 

GABA transporter (GAT-1).  It is known that ID affects dopamine transporter (DAT) 

number and function (Erikson et al., 2000), and that it is a member of the solute carrier-6 

(SLC-6) transporter family like the GAT-1 protein (Gether et al., 2006).  The DAT has 

also been shown to respond to Mn and to play a role in Mn transport during toxicity 

(Anderson et al., 2007b; Erikson et al., 2005; Ingersoll et al., 1999).  Therefore, we 

hypothesize that increased Mn and/or decreased Fe in the brain will cause decreased 

GAT-1 expression leading to elevated extracellular GABA and overall altered GABA 

biology, including GABA receptors, in the basal ganglia. 

In the brain, the inhibitory actions of GABA are mediated by ionotropic GABAA 

receptors and metabotropic GABAB receptors.  While GABAA receptors occur post-

synaptically, GABAB receptors are present pre-synaptically as autoreceptors, post-

synaptically, and extra-synaptically as heteroreceptors, taking on a more 

neuromodulatory role.  Upregulation of peripheral type benzodiazepine receptors in 

globus pallidus has been shown in rats exposed to Mn (Hazell et al., 2003) and in 

cultured primary rat astrocytes (Hazell et al., 1999).  Additionally, Mn is known to affect 

GABA by dose-dependently increasing binding at GABAB receptors (Kerr and Ong, 
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1995).  Alterations in neurotransmitter receptor expression can affect expression of 

transport proteins of the respective neurotransmitter via regulation by autoreceptors.  This 

is well characterized in mice lacking functional D2 receptors, which consequently 

experience a significant downregulation of the DAT (Dickinson et al., 1999).  Similar 

effects on GAT-1 could be possible through action at GABAB autoreceptors (Zahniser 

and Doolen, 2001).  

Based upon previous data from our lab showing decreased tissue levels of GABA 

(Erikson et al., 2002) and decreased 3H-GABA uptake (Anderson et al., 2007a) as a result 

of dietary Mn exposure and ID, coupled with the fact that behaviors associated with Mn 

neurotoxicity suggest altered GABA metabolism, we hypothesize that dietary Mn 

exposure could potentially lead to an increase in the concentration of extracellular GABA, 

most likely as a result of altered GABA transporter and/or receptor expression.  To test 

this hypothesis, we developed this study: 1.) to establish alterations in the 

neuromodulatory extracellular concentrations of GABA in response to dietary Mn 

exposure and ID; 2.) to examine alterations in the protein and mRNA expression of the 

transport and receptor proteins of GABA resulting from dietary Mn exposure and ID.   
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Materials and Methods 

Animals 

Male 21-day-old Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) 

(n=24 for the microdialysis studies; n=24 for protein and mRNA analysis) were randomly 

divided into four dietary treatment groups as in previous studies (Anderson et al., 2007a; 

2007b): control  (CN; 35 mg Fe/kg, 10 mg Mn/kg diet & d.i. water); control Mn-exposed 

(CNMn; control diet & 1 g Mn (as MnCl2)/L d.i. water); iron-deficient (ID; 4 mg Fe/kg, 

10 mg Mn/kg diet & d.i. water); and iron-deficient/Mn exposed (IDMn; ID diet & 1 g 

Mn/L d.i. water).  Diets were obtained from Bio-Serv (Frenchtown, NJ) and certified for 

metal content.  Rats had free access to food and water 24 h/day, and the lights were 

turned off between 1800 and 600 h.  Room temperature was maintained at 25 ± 1° C.  

The University of North Carolina at Greensboro Animal Care and Use Committee 

approved all of the animal procedures.     

Stereotaxic Surgery 

After five weeks of dietary treatment and one week prior to microdialysis 

experiments, rats were anesthetized with ketamine-HCl (80 mg/kg) and xylazine (12 

mg/kg) and maintained on a heating pad at 37° C.  The heads of the rats were shaved and 

wiped with a 5% povidone-iodine solution to reduce risk of infection.  Sterile instruments 

and gloves were used throughout the surgical procedure.  The rats were secured in the 

stereotaxic frame and an incision was made perpendicular to the bregma.  A guide 

cannula (CMA/12, CMA Microdialysis, Acton, MA) was implanted into the striatum 

using the following coordinates: 2.4 mm lateral to midline, 7.5 mm anterior to the 

lambda.  The cannula was lowered to a depth of 2.5 mm, positioning it in the medial area 
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of the striatum (Paxinos and Watson, 1998).  Anchoring screws were utilized to maintain 

the position of the cannula before being cemented into place using dental adhesive.  

Animals were given 0.9% sterile saline (0.5 ml/kg body weight, i.p.) to reduce fluid lost 

while under anesthesia and to aid in recovery time.  Animals were returned to shoebox 

cages with Tek-Fresh bedding (Harlan, Indianapolis, IN) and monitored daily until 

microdialysis experiments began. 

Microdialysis 

During week six of the dietary protocol, a microdialysis probe (CMA/12 Elite, 

CMA Microdialysis, Acton, MA) was inserted into the guide cannula and the rat perfused 

with artificial CSF (155 mM Na+, 0.83 mM Mg2+, 2.9 mM K+, 132.76 mM Cl-, 1.1 mM 

Ca+, pH 7.4) for one hour at a flow rate of 1 µl/min.  After perfusion, the flow rate was 

adjusted to 0.5 µl/min and 30 minute fractions were collected in microtubes for a total of 

two hours (4 samples per rat) in a refrigerated fraction collector (CMA Microdialysis, 

Acton MA).  Samples were stored at -80° C until analysis of the dialysate fraction.  To 

quantify levels of GABA from the microdialysate, fractions were analyzed for GABA 

content using capillary electrophoresis with laser induced fluorescence detection (CE-LIF) 

(Biorad Biofocus 2000,  Hercules, CA, with 488 nm diode laser/590 nm emission filter). 

Rats were then returned to their home cage and, the following day, were sacrificed, brains 

removed, and probe placement verified post mortem.  Brains were dissected into five 

regions (caudate putamen, globus pallidus, substantia nigra, hippocampus, and 

cerebellum) for metal, protein, and mRNA analyses (see below).  Regions were selected 

based on the known heterogeneous accumulation of metals in response to alterations in 
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dietary Fe and Mn levels (Anderson et al., 2007a, 2007b; Erikson et al., 2002) and the 

density of GABAergic neurons.   

CE-LIF analysis 

A protocol by Chen et al. (2001) allowing for detection of amino acids and 

biogenic amines at nanomolar concentrations was modified to accommodate the needs of 

this study.  The advantages of applying CE analysis to neuroactive compounds include 

minimal required sample volumes, speed of analysis, and high separation efficiency 

(Powell and Ewing, 2005).  Briefly, on the day of sample analysis, 5 μl of microdialysate 

sample were derivatized at 40˚ C by the addition to 100 nmol ATTO-TAG™ FQ 

fluorogenic reagent (Molecular Probes, Eugene, OR) and 10 μL of a 10 mM borate 

(Fisher, Fair Lawn, NJ)/ 25 mM KCN (Fluka) solution (pH 9.18).  The total sample 

volume was adjusted to 20 μl using HPLC grade methanol (G.J. Chemical Company, 

Newark, NJ).  After a minimum reaction time of 90 min., 1 μl of an FQ derivatized 

homoserine (Sigma, St.Louis, MO) internal standard solution was added to the 

derivatized microdialysate sample and analyzed. CE-LIF conditions leading to high 

efficiency peaks for GABA samples were 10 kV for 10 min with sample injections at 10 

psi/sec.  Uncoated silica capillary (Polymicro, Arizona) with an i.d. of 25 µm, o.d. of 361 

µm, and effective/total lengths of 25.4/30.0 cm was used.  The run buffer was 15 mM 

sodium borate (Fisher), pH 9.0, with 45 mM sodium dodecyl sulfate (Pierce, Rockford, 

IL), 5 mM sodium cholate (Anatrace, Maumee, OH), and 4% (v/v) 2-propanol (Fisher).  

Three replicates were analyzed for each sample, with a calibration curve for GABA 

constructed each day of sample analysis using three points with a concentration range of 

50 nM to 1 μM GABA.  GABA (Sigma) and homoserine standard solutions used for 
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construction of calibration curves were prepared in artificial cerebral spinal fluid with the 

same composition as that used in the microdialysis studies.  A representative limit of 

detection for this method is 6.9 nM GABA (based on 3σ, where σ represents the standard 

deviation of the background) with a linear dynamic range of 3.64 decades.  The ratio of 

GABA peak height to homoserine peak height for each sample was used to determine the 

concentration of GABA based on the calibration curve response.   

Metal analysis 

Tissue Mn and Fe concentrations were measured with graphite furnace atomic 

absorption spectroscopy (Varian AA240, Varian, Inc., USA).  Blood samples were 

collected at the end of the experiment into heparinized tubes, cooled to 4° C, and 

centrifuged in a clinical centrifuge for 15 minutes to separate cells from plasma.  Plasma 

was frozen at –80° C until analyzed for Mn and Fe.  Equal volumes of plasma and 0.5% 

Triton-X were vortexed for 30 s before being centrifuged at 12,000 x g for 10 minutes.  

The supernatant was removed and an aliquot of 50 µl brought to 1 ml total volume in 2% 

nitric acid and analyzed for Mn and Fe content.  Brain regions were digested in ultra-pure 

nitric acid (1:10 w/v dilution) for 48-72 hours in a sand bath (60° C).  An aliquot of 50 µl 

of digested tissue was brought to 1 ml total volume with 2% nitric acid and analyzed for 

Mn and Fe.  Microdialysate samples were pooled from individual animals and diluted 

(1:2 dilution in 2% nitric acid) to a final volume of 60 µl prior to metal analysis.  Bovine 

liver (NBS Standard Reference Material, USDC, Washington, DC) (10 µg Mn/g; 184 µg 

Fe/g) was digested in ultrapure nitric acid and used as an internal standard for analysis 

(final concentration 5 µg Mn/L; 92 µg Fe/L).    
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Protein extraction 

 Protein was extracted from the brain tissue samples for Western blot analysis 

from animals that did not undergo surgery to ensure no changes in expression due to 

surgery.  Tissue samples were sonicated in 500 µl of RIPA lysis buffer (1% Nonidet 40, 

1% SDS, 0.5% sodium deoxycholate, 1 mM NaF, 2 mM ß-glycerolphosphate, 1 mM 

sodium orthovanadate, and 1X protease inhibitor cocktail (Sigma, St. Louis, MO) in 1X 

PBS) on ice until completely homogenized.  Homogenates were incubated on ice for 20 

minutes before being centrifuged at 12,000 x g for 20 minutes at 4˚ C.  Supernatant was 

then transferred to new tubes and total protein concentration determined by BCA assay 

(Pierce, Rockford, IL) before proceeding with Western analysis. 

Western blot analysis 

 Western blot analysis was conducted to examine the effects of the dietary 

treatment on expression of GAT-1, GABAA, and GABAB proteins in vivo.  Protein 

samples (20 µg) were combined with 4X LDS sample buffer (Invitrogen, Carlsbad, CA) 

containing 5% ß-mercaptoethanol and heated at 70˚ C in a heat block for 10 minutes.  

Samples were then loaded onto a 4-12% Bis-Tris pre-cast mini gel (Invitrogen, Carlsbad, 

CA) and electrophoretically separated under denaturing conditions in 1X MOPS buffer 

containing 1% antioxidant (Invitrogen, Carlsbad, CA).  Proteins were transferred to a 

PVDF membrane (Millipore, Billerica, MA) before blocking with 5% BSA.  Membranes 

were probed overnight at 4˚ C with primary antibody (mouse monoclonal anti-ß-actin, 

Santa Cruz Biotech, Santa Cruz, CA) (rabbit polyclonal anti-GABAB(R2) subunit; rabbit 

polyclonal anti-GAT-1, C-terminus; rabbit polyclonal anti-GABAA(α1); Chemicon, 

Temecula, CA) for the protein of interest in 5% BSA.  Membranes were rinsed in 1X 
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TBST (10 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and probed for 2 hours at 

room temperature with an HRP-conjugated secondary antibody (goat anti-rabbit, 

Chemicon, Temecula, CA) (goat anti-mouse, Santa Cruz Biotech, Santa Cruz, CA) in 5% 

BSA.  Membranes were then rinsed several times in 1X TBST before incubation in ECL 

solution (Perkin Elmer, Waltham, MA) and exposure to radiographic film (Pierce, 

Rockford, IL).  Membranes were also probed for ß-actin to verify equal loading and for 

image analysis.  This housekeeping protein was chosen for comparison over GAPDH, 

which has been shown to be affected by Mn concentrations (Hazell, 2002).  Films were 

analyzed using image analysis software (Image J, NIH, Bethesda, MD), with the amount 

of the target protein from each sample standardized to the amount of ß-actin from the 

sample.   

RNA isolation and cDNA synthesis 

 Total RNA was isolated from brain regions for quantitative PCR analysis from 

animals that did not undergo surgery to ensure no changes in mRNA expression as a 

result of surgery.  Tissue samples were stored in 1 ml of RNAlater® solution (Ambion 

Inc., Austin, TX) and stored at -20° C until analysis.  Total RNA was isolated utilizing 

the ToTALLY RNA™ kit (Ambion Inc., Austin, TX) following manufacturer’s 

instructions.  RNA concentration and purity were determined by spectrophotometric 

analysis before carrying out cDNA synthesis.  Synthesis of cDNA from total RNA was 

performed using the High Capacity cDNA Reverse Transcriptase Kit (Applied 

Biosystems, Foster City, CA) following manufacturer’s instructions. 
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Quantitative PCR 

 Quantitative real-time PCR analysis was utilized to determine expression of GAT-

1, GABAA, and GABAB.  Triplicate aliquots of cDNA were analyzed on 96-well plates 

using expression assays for the genes of interest obtained from Applied Biosystems 

(Foster City, CA).  Values of cDNA expression were normalized relative to the 

expression of β-actin analyzed from the same sample on the same plate and reported as 

percent of control.   

Statistical analysis 

 Statistical analyses were conducted using SPSS v14.  Data were examined for 

normality of distribution using a one-sample Kolmogorov-Smirnov test and presence of 

outliers by boxplot analysis.  Data were analyzed using analysis of variance, with 

Dunnett’s post-hoc analysis conducted to assess difference from controls when p<0.05.  

Pearson’s correlational analyses were conducted to examine relationships between 

extracellular concentrations of GABA, Mn, and Fe. 
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Results 

Microdialysis analysis 

 GABA concentrations were increased in CNMn and ID versus CN (Figure 

1A).  For analysis, we excluded the IDMn group because only two animals survived 

surgery.  Though the difference in GABA concentrations was not statistically significant 

(p=0.06), the observation does denote an obvious biological response to the dietary 

protocol.  Concentrations of Mn in dialysate samples were significantly increased 

(p<0.001) in CNMn and ID versus CN (Figure 1B).  No correlation was found between 

the extracellular concentrations of GABA and Mn (data not shown).  Concentrations of 

Fe in dialysate samples were significantly decreased (p=0.023) in CNMn and ID versus 

CN (Figure 1C).  An inverse correlation was observed between the extracellular 

concentrations of GABA and Fe, with GABA concentrations decreasing with increased 

Fe (Figure 1C, inset), though the correlation was not statistically significant (p=0.08).  

Being that there is a trend towards significance (p<0.10), it does suggest an effect of Fe 

levels on extracellular GABA concentrations.  The statistical significance of this 

experiment is most likely affected by the small sample size.  Only two animals from the 

IDMn group survived the surgery, with microdialysis samples being collected.  Of the 

other three treatment groups, samples were collected from four out of the six animals.  

This is not uncommon given the 50% success rate associated with this procedure (Nelson 

et al., 1997), due either to animals succumbing to surgery or removing the cannula before 

sample collection.   
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Plasma manganese and iron 

Plasma Mn concentrations were significantly increased in those animals receiving 

Mn supplementation versus those animals receiving deionized water alone (Figure 2A) 

(p=0.02).  A significant decrease in plasma Fe concentrations was observed in animals 

receiving the ID diet versus the CN diet (Figure 2B) (p=0.007). 

Brain manganese and iron 

In all brain regions, Mn concentration was significantly increased in the Mn-

exposure group versus those animals that did not receive Mn supplementation (Figure 

3A) (p<0.05).  A heterogeneous response was observed in the brain in regard to Fe levels, 

with a general decrease in Fe concentration in those animals receiving the ID diet versus 

animals receiving the CN diet, though the only significant decrease was seen in the 

globus pallidus (Figure 3B) (p<0.05). 

Western blot analysis 

Elevated brain Mn and ID caused an approximate 50% decrease in GAT-1 protein 

expression in both the hippocampus and substantia nigra (Figure 4A). In the 

hippocampus, GAT-1 protein expression was significantly decreased in CNMn (41%) 

and ID (47%) versus CN (p<0.05). Similarly, in the substantia nigra, there was a 

significant decrease in expression of GAT-1 in CNMn (68%), ID (48%), and IDMn 

(44%) versus CN (p=0.03).  No significant change in GAT-1 protein expression was 

observed in the globus pallidus, caudate putamen, or cerebellum.  The dietary treatment 

had no effect on β-actin protein levels.  Representative blots for GAT-1 and β-actin for 

each region are shown in Figure 4C, with each band representing an individual animal. 
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Increased Mn and ID were associated with a significant increase in protein 

expression of GABAA in globus pallidus (CNMn 75%; ID 300%; IDMn 300%; p=0.012) 

and substantia nigra (ID 200%; IDMn 200%; p=0.045) versus CN (Figure 5A).  GABAA 

expression was significantly increased in hippocampus in CNMn (72%) versus CN 

(p=0.03) (Figure 5A).  No significant difference in GABAA protein expression was 

observed in caudate putamen or cerebellum.  Representative blots for GABAA and β-

actin for each region are shown in Figure 5C, with each band representing an individual 

animal. 

Iron deficiency and Mn exposure were associated with a decrease in GABAB 

protein in globus pallidus (IDMn 46%; p=0.03), substantia nigra (ID 41%; IDMn 54%; 

p=0.02), and hippocampus (ID 70%; IDMn 55%; p=0.027) (Figure 6A).  No significant 

change in GABAB protein expression was observed in caudate putamen or cerebellum.  

Representative blots for GABAB and β-actin for each region are shown in Figure 6C, 

with each band representing an individual animal. 

Quantitative PCR analysis 

Increased Mn significantly decreased mRNA expression of GAT-1 in the 

hippocampus (CNMn 52%; IDMn 67%; p=0.023) and caudate putamen (IDMn 54%; 

p=0.020) (Figure 4B).  In the substantia nigra, mRNA expression of GAT-1 was 

significantly increased three-fold in ID and over five-fold in IDMn versus CN (p=0.003) 

(Figure 4B). A two-fold increase in GAT-1 expression was observed in the globus 

pallidus in the Mn-exposed groups versus CN (Figure 4B).  This increase, though not 

statistically significant (p=0.080), does indicate a physiological response to the presence 

of Mn.  The dietary treatment had no effect on β-actin mRNA levels.  
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In substantia nigra, GABAA mRNA expression was significantly decreased in 

CNMn (67%) and ID (64%) versus CN (p=0.006) (Figure 5B).  No significant changes in 

mRNA expression of GABAA were observed in any of the other regions analyzed (Figure 

5B).  Expression of GABAB receptor mRNA was significantly decreased in the 

hippocampus (CNMn 59%; ID 45%; IDMn 43%; p=0.04), substantia nigra (CNMn 92%; 

ID 90%; IDMn 94%; p<0.001) and caudate putamen (CNMn 55%; IDMn 57%; p=0.003) 

versus CN (Figure 6B).  No significant changes in mRNA expression were observed in 

globus pallidus, substantia nigra, or cerebellum. 
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Discussion 

We report for the first time that increased dietary Mn (via drinking water; 100 

times more concentrated than in the diet) causes elevated extracellular GABA and altered 

expression of GABA receptors and transporters, at both the protein and mRNA level.  

Extracellular GABA concentrations increased in response to Mn exposure and the ID diet 

(Figure 1A).  Correlational analyses revealed an inverse correlation between extracellular 

GABA and Fe concentrations (Figure 1C, inset) with no correlation between extracellular 

GABA and Mn, suggesting GABA concentrations are altered as a result of the lowered 

extracellular Fe caused by Mn exposure and the ID diet.    In addition, dietary Mn 

exposure was shown to alter expression of GABA receptor and transport proteins and 

mRNA in vivo, with a varied effect observed across the brain regions examined (Figures 

4, 5, and 6).  These data suggest that altered tissue levels of GABA (Erikson et al., 2002) 

and decreased uptake of GABA (Anderson et al., 2007a) due to Mn exposure may be the 

result of altered expression of its transport protein resulting in elevated extracellular 

GABA concentrations.   

As in earlier studies (Anderson et al., 2007a; 2007b), our dietary protocol led to 

perturbations in systemic levels of Mn and Fe.  The addition of Mn in the drinking water 

significantly increased the levels of Mn in the plasma (Figure 2A), while the ID diet 

lowered the plasma concentration of Fe (Figure 2B).  In the brain, Mn accumulated in a 

diverse fashion across the regions examined, with increased levels of Mn found in those 

animals receiving Mn supplementation via the drinking water (Figure 3A).  In general, Fe 

was depleted in those animals receiving the ID diet; however, the only statistical 

difference in Fe levels in the brain was observed in the globus pallidus (Figure 3B) 
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similar to a previous study from our lab (Erikson et al., 2004).  This varied response in Fe 

levels was observed in our previous studies, at both four weeks (Anderson et al., 2007b) 

and six weeks (Anderson et al., 2007a) of dietary treatment, with Fe levels varying 

between and within regions.  Additionally, when examining the Fe:Mn ratio in the brain, 

a reduction in brain Fe levels in these animals is apparent, with the ID diet causing a 

significant reduction in the Fe:Mn ratio in most regions (data not shown). 

Extracellular GABA concentrations in the caudate putamen were increased in 

response to Mn exposure and ID (Figure 1A); and while this difference was not 

statistically significant (p=0.06), it does indicate a significant physiological response to 

changes in regional metal levels (e.g., high Mn=3 fold increase; low Fe=4 fold increase 

compared to CN).  An important question arose from these findings; is the elevated 

GABA due to increased extracellular Mn or decreased extracellular Fe?  To answer this 

question, we measured both Mn and Fe concentrations in the microdialysis samples and 

correlated them with the GABA concentrations.  Manganese levels were significantly 

increased in those animals receiving Mn supplementation and the ID diet (Figure 1B); 

however, no correlation was found between extracellular Mn and GABA concentrations, 

contrary to our original hypothesis. Concentrations of extracellular Fe were significantly 

decreased in those animals receiving the ID diet as well as in the CNMn animals versus 

CN (Figure 1C).  This finding is interesting given that plasma Fe levels in the CNMn 

animals were normal.  However, the Fe found in the plasma represents a more labile pool 

than that found in the CSF.  An inverse correlation between extracellular GABA and Fe 

concentrations was also observed, with GABA concentration increasing with decreased 

Fe, suggesting that decreased Fe (due to both dietary deficiency and Mn-exposure) 
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affects the levels of extracellular GABA.  Iron deficiency affects GABA synthesis via 

glutamate decarboxylase (GAD) (Li, 1998) and a reduction in GABA brain tissue 

concentrations has been shown in rats fed a marginally ID diet for eight weeks (Shukla et 

al., 1989).  Low tissue neurotransmitter levels may be the result of decreased uptake of 

the respective neurotransmitter (Gainetdinov et al., 1998), increasing the extracellular 

concentrations, a scenario which might be occurring in the current study. 

The observed increase in extracellular GABA concentrations could potentially 

mediate the locomotor effects seen in Mn neurotoxicity, such as hyperkinesia, ataxia, and 

dystonia.  GABAergic neurons in the striatum receive dopaminergic terminals from the 

substantia nigra (Smith and Bolam, 1990), in turn modulating the dopaminergic 

functioning in the striatum (Galindo et al., 1999).  Increased extracellular levels of 

GABA in the striatum could affect the activity of the GABA projection neurons to the 

substantia nigra (Koós et al., 1999), leading to dysregulation of striatal DA release via the 

nigrostriatal pathway and increased inhibition, causing hypokinetic activity, a hallmark of 

Mn neurotoxicity (Figure 7).  Normandin et al. (2004) observed decreases in locomotor 

activity in Mn-exposed young adult rats, while motor deficits were also observed in a 

study utilizing a pre-Parkinsonian rat model and cumulative low-dose Mn exposure 

(Gwiazda et al., 2002).  In both of these studies, DA was not altered, suggesting that 

changes in GABA may precede and facilitate changes in DA during manganism.       

A major component of our hypothesis is that increased extracellular GABA due to 

Mn-exposure is caused by alterations in GAT-1.  While protein expression of GAT-1 was 

not decreased in caudate putamen, mRNA expression was decreased (Figure 4B), 

indicating modulation of GAT-1 and a possible transition occurring in that region. 
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Expression of GAT-1 mRNA was significantly decreased in hippocampus as well, while 

a two-fold increase was observed in the globus pallidus and a three and five-fold increase 

observed in substantia nigra (Figure 4B).  While the two-fold increase in GAT-1 mRNA 

expression in globus pallidus was not statistically significant (p=0.08), it does indicate a 

physiological response to the dietary protocol within this region, perhaps as a mechanism 

to maintain adequate levels of GAT-1 protein.  It should be noted that the current results 

were obtained after six weeks of dietary treatment.  However, this represents only a 

snapshot of the modification occurring in the globus pallidus over the course of the 

treatment period as a result of increased Mn.  Protein levels of GAT-1 in the globus 

pallidus may have been attenuated earlier than six weeks, with the increases in mRNA 

observed at six weeks the result of a compensatory mechanism.  In our previous study, 

decreases in 3H-GABA uptake were observed after four weeks of dietary treatment in 

relation to Fe levels(Anderson et al., 2007a), indicating the likelihood of perturbations in 

GAT-1 at an earlier time.  The increase seen in mRNA expression of GAT-1 in substantia 

nigra as a result of Mn exposure could potentially be a physiological response to 

compensate for decreases in GAT-1 protein in that region by increasing transcription.  

These changes in GAT-1 expression in the substantia nigra and globus pallidus could 

affect extracellular concentrations of GABA in the caudate putamen via nigrostriatal 

projections (Figure 7).  

Decreased protein expression of GAT-1 in hippocampus and substantia nigra may 

also be the result of protein degradation and recycling via protein kinase C (PKC).  

Protein kinase C is known to regulate GAT-1 via phosphorylation (Mandela and Ordway, 

2006), causing internalization of these proteins, degradation, and recycling (Gadea and 
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López-Colomé, 2001).  An acute Mn treatment (300 µM) has been shown to activate 

caspase-3 leading to activation of PKCδ in N27 mesenchephalic cells 

(Latchoumycandane et al., 2005).  A similar response was seen in those cells incubated 

for 72 hours with a lower dose of Mn (50 µM), replicating chronic exposure.  This 300 

µM dose represents a physiologically relevant dose similar to that achieved in the current 

study.  Additionally, expression of GAT-1 may be inhibited through effects on pre-

synaptic GABAB autoreceptors, which can play a part in regulating expression of GAT-1 

(Zahniser and Doolen, 2001).  Decreases in these GABAB autoreceptors could result in a 

general decrease of GAT-1 density in that region. 

As anticipated, GABAB protein expression was significantly decreased in globus 

pallidus, substantia nigra, and hippocampus in those animals receiving the ID diet and 

Mn supplementation (Figure 6A).  Additionally, expression of GABAB mRNA was 

attenuated in the hippocampus, substantia nigra, and caudate putamen of the same 

animals (Figure 6B).  While Mn and Fe are not known to have specific actions on the 

transcription of GABAB, Mn has been shown to bind to various forms of DNA structure, 

leading to conformational changes that might potentially affect the efficiency of gene 

transcription (Kennedy and Bryant, 1986).  Protein expression of GABAB may also be 

attenuated through post-translational processes, such as recycling and degradation, 

mediated by regulatory kinases that may be affected by excess Mn.  Decreases in both 

mRNA and protein expression of GABAB in hippocampus might indicate neuronal loss in 

that region as a result of Mn exposure (Sloot et al., 1994) as Mn has been shown to 

activate caspase-3 (Latchoumycandane et al., 2005), a mediator of apoptosis.  A similar 

scenario might be the case in the substantia nigra.   
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Decreases in GABAB expression due to Mn exposure and increased extracellular 

GABA may result in marked changes in behavior, particularly related to anxiety-like 

behaviors.  GABAB deficient mice have ‘panic’ attacks and are more anxious in anxiety 

related behavioral screens (Mombereau et al., 2005).  Similarly, GABAB knockout mice 

display spontaneous seizures, hyperalgesia, hyperlocomotion, and memory impairments 

(Emson, 2007).  Although both manganism and ID share many of these characteristics 

(Pal et al., 1999, Aschner et al., 2005) with these mice models, it should be noted that 

changes in GABAA receptors might play a role. 

The change in mRNA expression in substantia nigra might represent interactions 

of Mn with DNA, causing a decrease in gene transcription efficiency (Hazell et al., 

2003). The lack of changes in GABAA mRNA expression in the other regions suggests 

that the alterations observed in GABAA protein expression result from effects on post-

translational processes.  One possible mechanism for the increase seen in GABAA protein 

expression could be through increased trafficking of the receptor to the plasma membrane 

via phosphorylation of GABAA subunits by Akt (Wang et al., 2003) and since treatment 

of microglial cells with 500 µM Mn has been shown to activate Akt (Bae et al., 2006). 

The changes in protein and mRNA expression observed in the hippocampus and 

substantia nigra are particularly interesting given these two regions were observed to 

have the most impact from our dietary protocol.  The hippocampus plays a vital role in 

memory and learning, with the majority of the neurons present in the hippocampus 

GABAergic (Gadea and López-Colomé, 2001).  Manganese has also been shown to 

generate lesions in the hippocampus (Sloot et al., 1994) and impaired memory and 

learning scores have been observed in children exposed to high levels of manganese from 
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the drinking water (Wasserman et al., 2006).  The dramatic changes in expression of 

protein and mRNA levels in the substantia nigra, a region association with Parkinson’s 

disease and a target region for Mn accumulation (Aschner et al., 2005), lend credence to 

the hypothesis of a role for GABA in the effects on DA in this region during manganism.  

Recall that GABA neurons project from the striatum to the substantia nigra, inhibiting the 

dopaminergic output from the substantia nigra (Figure 7).  The differences in protein and 

mRNA expression observed in this study present a potential mechanism(s) to explain 

behaviors associated with Mn neurotoxicity.  

 The novel results of this study illustrate the complex mechanisms involved in Mn 

neurotoxicity.  The alterations observed in protein and mRNA expression of GABA 

receptor and transport proteins were not universal, with a diverse effect of Mn exposure 

on these two indices not only from region to region, but, in some cases, within the same 

region.  Future studies to tease out the pathways involved in these shifts in expression are 

warranted.  These alterations in receptor and transporter expression are important in light 

of the effects observed in animal models lacking GAT-1 (tremor and anxiety) and 

GABAB (anxiety and nervousness) (Emson, 2007; Chiu et al., 2005; Mombereau et al., 

2005), which are similar to symptoms of Mn neurotoxicity.  Given the current findings, 

the increased levels of extracellular GABA in response to Mn exposure and ID are most 

likely due to decreased uptake of GABA rather than an increase in GABA release.  

Continuing studies in our lab will pharmacologically probe the effect of ID and Mn 

exposure on these extracellular GABA levels in order to fully understand the 

neurobiological consequences of Mn toxicity, especially as they relate to dietary 

exposures. 
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Figure Legends 

Figure 1.  Microdialysate analysis.  Mean concentrations ± SEM are shown for (A) 

extracellular GABA, (B) manganese, and (C) iron in microdialysate samples from the 

striatum after six weeks of dietary treatment.  Inset: Correlational analysis of extracellular 

Fe and GABA concentrations (R= -0.32; p=0.08).  *p<0.001; †p<0.10 

 

Figure 2.  Plasma metal concentrations at six weeks.  (A) Plasma manganese 

concentrations were significantly increased in those animals receiving manganese 

supplementation versus those animals receiving deionized water alone (p=0.02).  (B) A 

significant decrease in plasma iron concentration was observed in animals receiving the 

ID diet versus the CN diet (p=0.007). 

 

Figure 3.  Brain metal concentrations at six weeks.  Mean concentrations ± SEM are 

shown for manganese (A) and iron (B) for caudate putamen (Cp), globus pallidus (GP), 

hippocampus (HC), substantia nigra (SN), and cerebellum (Cb).  CN is represented in 

black, CNMn in gray, ID in white, and IDMn in dotted area.  *p<0.05 according to 

Dunnet’s post-hoc analysis 

 

Figure 4.  Effect of dietary treatment on GAT-1 protein and mRNA expression.  Mean 

expression as percentage of control ± SEM for GAT-1 (A) protein and (B) mRNA 

relative to β-actin are shown for caudate putamen (Cp), globus pallidus (GP), 

hippocampus (HC), substantia nigra (SN), and cerebellum (Cb).  CN is represented in 

black, CNMn in gray, ID in white, and IDMn in dotted area.  (C) Representative blots for 
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GAT-1 and β-actin for each region are shown, with each band representing an individual 

animal.  *p<0.05 according to Dunnet’s post-hoc analysis 

 

Figure 5.  Effect of dietary treatment on GABAA protein and mRNA expression.  Mean 

expression as percentage of control ± SEM for GABAA (A) protein and (B) mRNA 

relative to β-actin are shown for caudate putamen (Cp), globus pallidus (GP), 

hippocampus (HC), substantia nigra (SN), and cerebellum (Cb).  CN is represented in 

black, CNMn in gray, ID in white, and IDMn in dotted area.  (C) Representative blots for 

GABAA and β-actin for each region are shown, with each band representing an individual 

animal.  *p<0.05 according to Dunnet’s post-hoc analysis 

 

Figure 6.  Effect of dietary treatment on GABAB protein and mRNA expression.  Mean 

expression as percentage of control ± SEM for GABAB (A) protein and (B) mRNA 

relative to β-actin are shown for caudate putamen (Cp), globus pallidus (GP), 

hippocampus (HC), substantia nigra (SN), and cerebellum (Cb).  CN is represented in 

black, CNMn in gray, ID in white, and IDMn in dotted area.  (C) Representative blots for 

GABAB and β-actin for each region are shown, with each band representing an individual 

animal.  *p<0.05 according to Dunnet’s post-hoc analysis 

 

Figure 7. GABA biology during Mn overload.  This simple schematic of the basal ganglia 

represents the potential consequences of the increased extracellular GABA 

concentrations in the striatum due to alterations of Mn and Fe status observed in the 

current study.  (1) Increased extracellular GABA concentrations in the striatum would 
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reduce the activity of the GABA striatopallidal projection neurons (2) (dotted line).  This 

reduction in activity would (3) increase the GABAergic inhibitory firing from the globus 

pallidus (GP) to the subthalamic nucleus (STN) (heavy black line), in turn (4) decreasing 

the excitatory glutamatergic firing from this region to the substantia nigra (SN) (dotted 

line).  (5) Decreased glutamatergic excitation in the substantia nigra, along with 

decreased GABAergic inhibition from the striatonigral projection neurons (dotted line) 

and decreased protein expression of GAT-1 and GABAB, would lead to a dysregulation 

of dopaminergic firing to the striatum (alternating line).  This decrease in GABAergic 

firing to the substantia nigra may also contribute to the dopaminergic alterations observed 

during ID (Nelson et al., 1997; Erikson et al., 2000; 2001).  



71 
 

Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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CHAPTER III 
 

 

MANGANESE EXPOSURE ALTERS EXTRACELLULAR NOREPINEPHRINE, 

NOREPINEPHRINE RECEPTOR AND TRANSPORTER PROTEIN AND mRNA 

LEVELS IN THE DEVELOPING RAT BRAIN 

 
 
 

Joel G. Anderson, Steve C. Fordahl, Paula T. Cooney, Tara L. Weaver, Christa L. Colyer, 

and Keith M. Erikson 

 

 

 

 

 

 

 

 

The following manuscript was published in Brain Research, Volume 1281, pages 1-14, 

July 2009 and is reprinted with permission.  Stylistic variations are due to formatting 

requirements of the journal.  Weaver performed all capillary electrophoresis experiments 

and prepared the capillary electrophoresis methods section of the manuscript.  Fordahl 

and Cooney contributed other experimental results; Joel G. Anderson and Keith M. 

Erikson collected all samples and prepared the manuscript.  Christa L. Colyer and Keith 

M. Erikson served in advisory and editorial capacities. 



 

79 
 

Abstract: 

Manganese (Mn) is an essential trace element, but overexposure is characterized 

by Parkinson’s like symptoms in extreme cases.  Previous studies have shown Mn 

accumulation is exacerbated by dietary iron deficiency (ID) and disturbances in 

norepinephrine (NE) have been reported.  Because behaviors associated with Mn 

neurotoxicity are complex, the goal of this study was to examine the effects of Mn 

exposure and ID-associated Mn accumulation on NE uptake in synaptosomes, 

extracellular NE concentrations, and expression of NE transport and receptor proteins.  

Sprague-Dawley rats were assigned to four dietary groups: control (CN; 35 mg Fe/kg 

diet), iron-deficient (ID; 6 mg Fe/kg diet), CN with Mn exposure (via the drinking water; 

1 g Mn/L) (CNMn), and ID with Mn (IDMn).  3H-NE uptake decreased significantly 

(R=-0.753, p=0.001) with increased Mn concentration in the locus coeruleus, while 

decreased Fe was associated with decreased uptake of 3H-NE in the caudate putamen 

(R=0.436, p=0.033) and locus coeruleus (R=0.86; p<0.001).  Extracellular concentrations 

of NE in the caudate putamen were significantly decreased in response to Mn exposure 

and ID (p<0.001).  A diverse response of Mn exposure and ID was observed on mRNA 

and protein expression of NE transporter (NET) and α2 adrenergic receptor.  For example, 

elevated brain Mn and decreased Fe caused an approximate 50% decrease in NET and α2 

adrenergic receptor protein expression in several brain regions, with reductions in mRNA 

expression also observed.  These data suggest that Mn exposure results in a decrease in 

NE uptake and extracellular NE concentrations via altered expression of transport and 

receptor proteins.    
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1. Introduction: 

An essential trace element and a cofactor for several enzymes (Hurley and Keen, 

1987), manganese (Mn) is responsible for proper immune function, regulation of 

metabolism, reproduction, digestion, bone growth, and blood clotting (see review by 

Aschner et al., 2005).  However, neurotoxicity is known to result from exposure to high 

concentrations of Mn. Known as manganism, Mn neurotoxicity is associated with the 

accumulation of Mn in iron-rich, dopaminergic regions of the brain, specifically areas of 

the basal ganglia (Aschner et al., 2005).  Initially, manganism is characterized by a 

psychiatric disorder resembling schizophrenia, an anxiety disorder which may involve the 

noradrenergic system (Yamamoto and Hornykiewicz, 2004), and shares similarities with 

several clinical disorders, in particular Parkinson’s disease (Pal et al., 1999).  Most often, 

Mn neurotoxicity arises from chronic occupational exposure of welders, miners, and steel 

workers to high levels of airborne Mn particulates (Pal et al., 1999; Mergler et al., 1994), 

though cases from exposure to contaminated drinking water have been reported as well 

(Wasserman et al., 2006; Kondakis et al., 1989).   

It has become clear that iron deficiency (ID) is a risk factor for Mn accumulation 

(Davis et al., 1992; Erikson et al., 2002; Finley, 1999; Kwik-Uribe et al., 2000).  

Affecting more than 2 billion individuals worldwide (WHO/UNICEF/UNU, 2006), ID is 

associated with alterations in cognition and behavior (Beard, 2001), potentially disturbing 

neurochemistry via the facilitation of Mn accumulation in the brain, as iron (Fe) status 

may affect absorption of Mn, regardless of Mn concentrations in the body (Chandra and 

Shukla, 1976; Shukla et al., 1976).  Manganese most likely competes with Fe for 

transport via divalent metal transporter 1 (DMT-1) (Gunshin et al., 1997; Aschner et al., 
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2005), a transporter of various divalent metals.  Increased expression of DMT-1 mRNA 

in the brain has been shown in cases of ID (Gunshin et al., 2001; Burdo et al., 1999), and 

this protein has recently become of interest as a potential transporter for Mn across the 

blood-brain barrier (Garrick et al., 2003; Roth and Garrick, 2003).   In the blood, the 

majority of Mn is bound to albumin, with a small fraction bound to transferrin (Aschner 

et al., 2005).  While most research has focused on the effects of Mn neurotoxicity on the 

metabolism of dopamine (DA) due to locomotor effects, alterations in the biology of 

other neurotransmitters such as norepinephrine (NE) have been noted (Table 1) (Autissier 

et al., 1982; Seth and Chandra, 1984; Struve et al., 2007).  

Norepinephrine, a neuromodulatory neurotransmitter derived from DA, exerts its 

effects via G-protein linked receptors and is associated with motivational behaviors and 

alertness, as well as locomotion and autonomic functions (Troadec et al., 2001).  The 

locus coeruleus, a small area of the pons, is a major nucleus of NE expression, containing 

approximately half of the noradrenergic neurons in the brain (Andrade and Aghajanian, 

1984).  Projecting fibers throughout the forebrain and cerebellum, the locus coeruleus 

plays a role in mediating stress and anxiety, modulation of the nigrostriatal pathway, and 

is affected by neuronal loss during idiopathic Parkinson’s disease (Marien et al., 2004).  

Experimental lesioning of the locus coeruleus has been shown to exacerbate the 

pathology and symptomology in animal models of Parkinson’s disease (Rommelfanger 

and Weinshenker, 2007).   

A recent study by Struve et al., (2007) found a marginal increase in NE tissue 

concentrations following Mn exposure via inhalation in rhesus monkeys.  In earlier 

studies,  varying alterations of tissue NE concentrations were identified in animal models 
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of Mn exposure (see Table 1 for summary).  Manganese has also been shown to inhibit 

NE uptake in a dose-dependent manner in synaptosomes isolated from the forebrain of 

Wistar rats (Lai et al., 1982), which could potentially lead to alterations in extracellular 

NE concentrations.  A more recent study (Beard et al., 2006) examined the effects of Fe 

depletion on the expression of NET in PC12 cells and rat brain tissue.  Those cells treated 

with desferrioxamine, an iron-chelating agent, exhibited a dose-dependent decrease in 

3H-NE uptake that correlated with a decrease in NET protein levels.   Attenuated NET 

protein expression in the brain during ID has been reported as well (Burhans et al., 2005); 

however, the exact role of NET during Mn exposure and ID still remains to be fully 

elucidated.   

Based upon previous data from our lab showing alterations in GABA biology as a 

result of dietary Mn exposure and ID (Anderson et al., 2007; 2008), coupled with the 

knowledge that behaviors associated with Mn neurotoxicity may relate to NE metabolism 

and gaps remaining concerning the effects of Mn exposure on NE biology, we 

hypothesize that dietary Mn exposure and ID-associated Mn accumulation could 

potentially lead to a decrease in NE uptake, leading to changes in the concentration of 

extracellular NE, most likely due to altered NE transporter and/or receptor expression.  

To examine this hypothesis, we developed this study: 1.) to establish the effects of dietary 

Mn exposure and ID-associated Mn accumulation on 3H-NE uptake and in the 

neuromodulatory extracellular concentrations of NE; and 2.) to examine alterations in the 

protein and mRNA expression of the transport and receptor proteins of NE resulting from 

dietary Mn exposure and ID, which may provide insight into neurodegenerative processes 

where metal toxicity is implicated. 
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2. Results 

Plasma manganese and iron 

Plasma Mn concentrations were significantly increased in those animals receiving 

Mn supplementation versus those animals receiving deionized water alone (p=0.02) 

(Figure 1A), as previously reported (Anderson et al., 2008).  A significant decrease in 

plasma Fe concentrations was observed in animals receiving the ID diet versus the CN 

diet (p=0.007) (Figure 1B). 

Brain manganese and iron 

As previously reported, Mn concentration was significantly increased in the Mn-

exposure group versus those animals that did not receive Mn supplementation in all brain 

regions (p<0.05) (Figure 2A).  A heterogeneous response was observed in the brain in 

regard to Fe levels, with a general decrease in Fe concentration in those animals receiving 

the ID diet versus animals receiving the CN diet, though the only significant decrease 

was seen in the globus pallidus (p<0.05) (Figure 2B).  The Fe:Mn ratio is reported in 

Figure 2C, illustrating a clear effect of Mn exposure on Fe homeostasis. 

In Vitro Studies 

Iron level was associated with a significant decrease in 3H-NE uptake in 

synaptosomes isolated from the caudate putamen after six weeks of dietary intervention 

(R=0.436; p=0.033) (Figure 3B).  No significant association was observed between Mn 

exposure and 3H-NE uptake in the caudate putamen (Figure 3A).  Increased Mn 

concentration was associated with a significant decrease in 3H-NE uptake in 

synaptosomes isolated from the locus coeruleus at six weeks (R=-0.753; p=0.001) (Figure 
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3C). Iron level was associated with a significant decrease in 3H-NE uptake in the locus 

ceruleus (R=0.765; p<0.001) (Figure 3D). 

Microdialysis Studies 

 Extracellular concentrations of NE were significantly decreased in response to Mn 

exposure and ID in the caudate putamen versus CN (p<0.001) (Figure 4A).  In the 

dialysate samples, Mn concentrations were significantly increased in CNMn and IDMn 

versus CN (p<0.05) (Figure 4B).  Extracellular concentration of Fe was significantly 

decreased in all dietary treatments versus CN (p<0.05) (Figure 4C).  A significant 

correlation was observed between extracellular NE and Fe concentrations, with decreased 

NE associated with decreased Fe (R=0.86; p<0.001) (Figure 4C inset).  No significant 

correlation was observed between extracellular NE and Mn concentrations. 

Western Blot Analysis 

 Elevated brain Mn and decreased Fe caused an approximate 50% decrease in NET 

protein expression in the globus pallidus, hippocampus, substantia nigra, and locus 

ceruleus (Figure 5A).  NET protein expression was significantly decreased in the globus 

pallidus (CNMn 33%); ID 59%; IDMn 47%) substantia nigra (CNMn 73%; IDMn 68%), 

hippocampus (CNMn 48%; ID 55%; IDMn 36%), and locus coeruleus (IDMn 43%) 

versus CN (p<0.05) (Figure 5A).  No significant change in NET protein expression was 

observed in the caudate putamen or cerebellum (Figure 5A).  The dietary treatment had 

no effect on β-actin protein levels.  Representative blots for NET and β-actin for each 

region are shown, with each band representing an individual animal (Figure 5C). 

 Iron deficiency and Mn exposure were associated with a decrease in protein 

expression of α2 adrenergic receptor in the globus pallidus (CNMn 33%; ID 30%; and 
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IDMn 41%), the substantia nigra (CNMn 55%; ID 54%; and IDMn 37%), and the locus 

coeruleus (ID 51%; IDMn 56%) versus CN (p<0.05) (Figure 6A).  No significant change 

in α2 adrenergic receptor protein expression was observed in the caudate putamen or 

cerebellum (Figure 6A).  The dietary treatment had no effect on β-actin protein levels.  

Representative blots for α2 adrenergic receptor and β-actin for each region are shown, 

with each band representing an individual animal (Figure 6C). 

Quantitative PCR analysis 

Increased Mn and ID significantly decreased mRNA expression of NET in the 

substantia nigra (CNMn 61%; ID 72%; IDMn 55%; p<0.05) and cerebellum (CNMn 93%; 

ID 86%; IDMn 87%; p<0.05) (Figure 5B).  In the locus coeruleus, an increase in mRNA 

expression of NET was observed in CNMn (130%), while a significant decrease was 

observed in ID (64%) and IDMn (49%) (p<0.05) (Figure 5B).  Expression of NET 

mRNA was significantly increased in the globus pallidus (CNMn 73%; ID 127%; p<0.05) 

(Figure 5B).  No significant change in NET mRNA expression was observed in the 

hippocampus.  The dietary treatment had no effect on β-actin mRNA levels. 

Iron deficiency and Mn exposure were associated with a decrease in mRNA 

expression of α2 adrenergic receptor in the hippocampus (CNMn 63%; ID 57%; IDMn 

62%; p<0.05), locus coeruleus (CNMn 61%; ID 60%; IDMn 61%; p<0.003), and 

substantia nigra (IDMn 47%; p<0.05) (Figure 6B).  Iron deficiency was associated with a 

significant decrease in α2 adrenergic receptor mRNA expression in the cerebellum (ID 

51%; p<0.05) (Figure 6B).  Expression of α2 adrenergic receptor mRNA was not 

significantly affected in the caudate putamen or globus pallidus. The dietary treatment 

had no effect on β-actin mRNA levels. 
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3. Discussion: 

While previous studies have examined the effects of Mn exposure and ID on DA 

and GABA biology (Anderson et al., 2007; 2008), little research had been conducted to 

investigate these effects on NE biology.  This is the first study to date to probe both of 

these paradigms with regard to the noradrenergic system.  Using synaptosomes isolated 

from the caudate putamen and locus coeruleus, a significant correlation was observed 

between synaptosomal Fe concentration and 3H-NE uptake after six weeks of dietary 

intervention (Figure 3), while a significant inverse correlation was seen between 

synaptosomal Mn concentration and 3H-NE uptake in synaptosomes isolated from the 

locus ceruleus (Figure 3). These data demonstrate that Fe and Mn are inversely related in 

terms of neurochemistry (i.e., low Fe and high Mn associated with attenuated NE 

uptake), with the effect being brain region dependent.  Exposure to Mn and decreased Fe 

significantly decreased extracellular concentrations of NE in the caudate putamen (Figure 

4A), with a significant correlation observed between extracellular concentration of NE 

and Fe (Figure 4C inset), but not Mn.  In addition, dietary Mn exposure was shown to 

alter expression of NE receptor (Figure 6) and transport (Figure 5) proteins and mRNA in 

vivo, with a varied effect observed across the brain regions examined.  These data suggest 

that altered levels of NE due to Mn exposure and reduced Fe levels may be the result of 

changes in expression of transport and receptor proteins in the locus coeruleus and basal 

ganglia, leading to perturbations in extracellular concentrations of NE in the caudate 

putamen. 

As in earlier studies, our dietary protocol led to an increase in systemic levels of 

Mn, as evidenced by increased plasma Mn concentrations (Figure 1A).  In general, Fe 
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was depleted in those animals receiving the ID diet (Figure 2B); however, the only 

statistical difference in Fe levels in the brain was observed in the globus pallidus, as 

reported before (Anderson et al., 2008) and similar to a previous study from our lab 

(Erikson et al., 2004).  This varied response in Fe levels has been observed in our 

previous studies at both four weeks (Anderson et al., 2007) and six weeks (Anderson et 

al., 2008; 2007) of dietary exposure, with Fe levels varying between and within regions.  

Further, when the Fe:Mn ratio is examined, a clear reduction in brain Fe in these animals 

is apparent, with the ID diet causing a significant decrease in the Fe:Mn ratio in most 

regions (Figure 2C).  

Based on our previous studies (Anderson et al., 2008; 2007), we set out to directly 

examine the effects of Mn exposure and ID by measuring 3H-NE uptake in 

synaptosomes.  Synaptosomes were chosen due to their simplicity and separation from 

other interacting neuronal systems in order to provide direct interpretation of results 

(Whittaker, 1993).  Decreased uptake of 3H-NE was observed after six weeks of dietary 

treatment in synaptosomes isolated from the caudate putamen and the locus coeruleus, 

though the effects were region dependent (Figure 3).  Conversely, reduced Fe levels were 

associated with a decrease in 3H-NE uptake in the caudate putamen and locus coeruleus.  

This inverse relationship between Mn and Fe has been reported in our previous study 

with regard to 3H-GABA uptake (Anderson et al., 2007).  The differential response 

observed in the present study may be an effect of time, as these results represent a 

snapshot of the ongoing neurochemical changes occurring over the course of the dietary 

intervention.  For example, in our previous study, 3H-GABA uptake was affected by Mn 

exposure and ID differently from four weeks to six weeks of dietary intervention, with 
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major effects observed during week six, leading to the premise of the current study 

examining the effects of Mn exposure and ID on NE uptake at six weeks.   Manganese 

itself has been shown to affect the uptake of NE in a dose-dependent manner in rat 

forebrain synaptosomes, with selectivity for inhibition of NE uptake versus that of DA or 

GABA (Lai et al., 1982), and in rat whole brain synaptosomes as well (Chandra et al., 

1984).  These effects on uptake of NE in the caudate putamen and locus coeruleus imply 

altered extracellular concentrations of NE, which could in turn affect the functioning of 

the nigrostriatal pathway and behaviors associated with the noradrenergic system (Figure 

7). 

Extracellular concentrations of NE in the caudate putamen were significantly 

decreased in response to Mn exposure and decreased Fe (Figure 4A).  Extracellular metal 

concentrations were similar to those observed in our previous microdialysis study 

(Anderson et al., 2008).  A correlation between extracellular NE and Fe concentrations 

was also observed, suggesting that lowered Fe  levels (due to both dietary deficiency and 

Mn-exposure) affect the concentration of extracellular NE.  This is not surprising given 

that Fe is involved in the synthesis of norepinephrine through the activity of tyrosine 

hydroxylase (Beard et al., 1994).  Additionally, Fe status and brain Mn levels affect brain 

levels of copper (Cu) (Garcia et al., 2007; Erikson et al., 2004), which may adversely 

impact conversion of dopamine to norepinephrine via the Cu-dependent enzyme 

dopamine β-hydroxylase (Pyatskowit and Prohaska, 2007) in the locus coeruleus (Zecca 

et al., 2004). 

With no alterations in protein and mRNA expression of NET observed in the 

caudate putamen, and given the fact that little if any NE is synthesized in this region, 
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these changes in NE concentration are most likely the result of alterations in NE biology 

in the locus coeruleus and the ventral medullary nuclei, major loci of adrenergic activity 

in the brain that play a neuromodulatory role in the caudate putamen and the nigrostriatal 

pathway (Marien et al., 2004).  Data supporting direct innervation of the caudate putamen 

by the locus coeruleus is mixed (Berridge and Waterhouse, 2003).  Even without direct 

innervation, NE may affect the caudate putamen in a more paracrine fashion via extra-

synaptic release from surrounding regions (Marien et al., 2004).  Still, the involvement of 

the locus coeruleus in modulating activity of the nigrostriatal pathway is clear.  The locus 

coeruleus is important for the facilitation and maintenance of the nigrostriatal 

dopaminergic pathway, a role supported by anatomical, electrophysiological, 

neurochemical, and behavioral studies in animals (see review by Marien et al., 2004).  

This pathway is not only affected in Parkinson’s disease, but in manganese neurotoxicity 

as well.  Degeneration of the locus coeruleus may precede and potentially surpass 

dopaminergic degeneration in the substantia nigra (Rommelfanger and Weinshenker, 

2007), as both regions share anatomical and biochemical similarities (Zecca et al., 2004), 

and depletion of NE in the substantia nigra by greater than 80% is a hallmark of 

idiopathic Parkinson disease (Marien et al., 2004), a condition similar to Mn 

neurotoxicity.  The attenuated levels of NE observed in the caudate putamen may result 

from neuronal loss in the locus coeruleus and/or from perturbations in NET and receptor 

expression, not only in the locus coeruleus but in other regions of the basal ganglia, 

affecting the nigrostriatal pathway and functioning of the caudate putamen (Figure 7). 

ID has been shown to affect both NET (Beard et al., 2006; Burhans et al. 2005) 

and DAT density and function (Erikson et al., 2000; 2001), while Mn exposure and ID 
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alter GAT-1 protein and mRNA expression (Anderson et al., 2008).  DAT, GAT-1, and 

NET are all members of the solute carrier-6 (SLC-6) transporter family, sharing similar 

amino acid sequences and pump mechanisms (Gether et al., 2006; Mandela and Ordway, 

2006), leading to the possibility of similar effects of Mn exposure on NET as those 

demonstrated with respect to DAT and GAT-1.  Indeed, NET protein expression was 

significantly decreased (Figure 5A), and may result from a decrease in mRNA expression 

in some regions (Figure 5B).  

While Mn is not known to have specific actions on the transcription of NET, Mn 

has been shown to bind to various forms of DNA structure, leading to conformational 

changes that might potentially affect the efficiency of gene transcription (Hazell et al., 

2003; Kennedy and Bryant, 1986).  Some shared transcription factors of both DAT and 

NET (Burhans et al., 2005) are influenced by cellular Fe levels, with ID leading to a 

potential decrease in protein expression (Bianco et al., 2008; Ruiz et al., 2000; Kramer-

Stickland et al., 1999).  Protein expression of NET may also be attenuated through post-

translational processes, such as recycling and degradation, mediated by regulatory 

kinases that may be affected by excess Mn, a scenario that may be occurring in the 

hippocampus in this instance.  Protein kinase C (PKC) is known to regulate NET via 

phosphorylation, causing internalization of these proteins, degradation, and recycling 

(Mandela and Ordway, 2006).  An acute Mn treatment (300 µM) has been shown to 

activate caspase-3 leading to activation of PKCδ in N27 mesenchephalic cells 

(Latchoumycandane et al., 2005).  A similar response was seen in those cells incubated 

for 72 hours with a lower dose of Mn (50 µM), replicating chronic exposure.  This 300 

µM dose represents a physiologically relevant dose similar to that achieved in the current 
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study.  Also, increased expression of PKC-ß1 has been reported in the caudate putamen 

during ID (Bianco et al., 2008), indicating further potential for PKC signal transduction.  

Decreases in both mRNA and protein expression of NET might indicate neuronal loss as 

a result of Mn exposure (Sloot et al., 1994), via caspase-mediated apoptosis 

(Latchoumycandane et al., 2005).  In addition, necrotic neuronal loss may be occurring 

through a caspase-independent pathway as well (Roth et al., 2000). 

An increase in NET mRNA was observed in the globus pallidus in response to 

Mn exposure and the ID diet (Figure 5B).  This increase in NET mRNA in the globus 

pallidus may be a compensatory mechanism in response to the decrease seen in NET 

protein expression in that region.  In the locus coeruleus, a varied effect of Mn exposure 

and ID on NET mRNA expression was observed, with an increase in CNMn animals and 

a decrease in ID and IDMn animals (Figure 5B).  This varied response is most likely 

indicative of a region in which a variety of mechanisms are occurring simultaneously, 

such as compensation for NET protein loss through degradation pathways, effects on 

gene transcription, and/or neuronal loss.  Action of NE at pre-synaptic α2 adrenergic 

receptors, which regulate NE activity and NET expression (Marien et al., 2004), may also 

be involved in this region, and the others examined. 

Expression of NET may be affected by the action of pre-synaptic autoreceptors, 

which can play a part in regulating expression of the protein (Mandela and Ordway, 

2006; Zahniser and Doolen, 2001).  Decreases in these autoreceptors (specifically α2 

adrenergic receptor) could result in a general decrease of NET density in that region.  As 

anticipated, α2 adrenergic receptor protein and mRNA expression were decreased (Figure 

6A and 6B) in regions in which NET protein expression was also lowered (Figure 5A).  
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These losses in α2 adrenergic receptor expression would lead to dysregulation of the 

noradrenergic system in the locus coeruleus and alterations in NE synthesis and release 

(Marien et al., 2004).  Lesions of the locus coeruleus and chronic attenuated levels of NE 

have been shown to affect DA concentrations in the caudate putamen using knockout 

mouse models of the α2 adrenergic receptor (Marien et al., 2004).  Dysfunction of the 

adrenergic system in the locus coeruleus could further exacerbate the dysregulation of the 

nigrostriatal pathway observed during Mn neurotoxicity, leading to perturbations in 

motor activity (Figure 7).  

In conclusion, the alterations observed in protein and mRNA expression of NE 

receptor (Figure 6) and transport proteins (Figure 5) were not universal, with a diverse 

effect of Mn exposure and ID-associated Mn accumulation on these two indices not only 

from region to region, but, in some cases, within the same region (such as the locus 

coeruleus), consistent with the effects on the GABAergic system that we have previously 

reported (Anderson et al., 2008; 2007).  The alterations in NE biology observed in this 

study, including attenuated uptake (Figure 3), reductions in extracellular concentrations 

(Figure 4), and effects on NE transporter (Figure 5) and receptor (Figure 6) protein and 

gene expression, could have profound effects on the functioning of the locus coeruleus 

causing  dysregulation of the nigrostriatal pathway leading to behavioral alterations such 

as reduced motor activity, impaired cognition, and increased anxiety (Meyer and 

Quenzer, 2005; Beard et al., 2006).  Furthermore, the novel results of this study illustrate 

the complex mechanisms at play during Mn neurotoxicity and ID.  Whether our findings 

in this study are due to either Mn exposure or ID alone is difficult to say, given that these 

two pathologies may be concurrent.  When examining these data in conjunction with our 



 

94 
 

previous studies (Erikson et al., 2002; Anderson et Al., 2008; 2007), it is clear that the 

neurobiological changes that are related to extracellular neurotransmitter concentrations 

are due to the lowered Fe levels (Figure 4C; Anderson et al., 2008), whereas those 

changes related to tissue neurotransmitter biology are due to increased Mn levels in our 

current experimental model (Figure 3C; Erikson et al., 2002; Anderson et al., 2007; 

2008).  It is also quite possible that increased Mn and decreased Fe levels due to Mn 

exposure and ID may be affecting concentrations of other metals, particularly Cu (Garcia 

et al., 2007) which would have a significant impact on NE biology (Pyatskowit and 

Prohaska, 2007).  Thus, future studies that tease apart the effects of the alterations of 

these metals on neurochemical functioning are critical in order to develop effective 

modalities not only for the treatment of vulnerable populations (e.g., Mn-exposed 

workers, ID individuals), but also for understanding the etiology of neurodegenerative 

diseases where brain metal imbalances are implicated (e.g., Parkinson’s Disease, 

Huntington’s Disease, Alzheimer’s Disease). 
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4. Experimental Procedure 

Animals 

Male weanling Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) 

(n=48 for synaptosome studies; n=24 for microdialysis studies; n=24 for Western and 

PCR analysis) were randomly divided into four dietary treatment groups as in previous 

studies (Anderson et al., 2008; 2007): control  (CN; 35 mg Fe/kg, 10 mg Mn/kg diet & d.i. 

water); control Mn-exposed (CNMn; control diet & 1 g Mn (as MnCl2)/L d.i. water); 

iron-deficient (ID; 4 mg Fe/kg, 10 mg Mn/kg diet & d.i. water); and iron-deficient/Mn-

exposed (IDMn; ID diet & 1 g Mn/L d.i. water).  Diets were obtained from Bio-Serv 

(Frenchtown, NJ) and certified for metal content.  Rats had free access to food and water 

24 hr/day, with the lights off between 1800 and 600 h and room temperature maintained 

at 25 ± 1° C.  The University of North Carolina at Greensboro Animal Care and Use 

Committee approved all of the animal procedures. 

In vitro studies 

Synaptosomes were utilized to indirectly assess the effect of ID and Mn exposure 

on disturbances in NE biology by measuring 3H-NE uptake, following our previously 

described (Anderson et al., 2007) modified method from Cotman et al. (1981).  After six 

weeks of dietary treatment, brain regions (caudate putamen and locus coeruleus) from 

two rats per treatment group were pooled for each individual experiment.  Briefly, tissue 

was homogenized using a Teflon/glass homogenizer in 20 volumes of ice-cold 0.32 M 

sucrose-HEPES, pH 7.4.  The homogenate was then centrifuged at 2000 x g for 10 

minutes at 4° C.  The supernatant was removed and centrifuged at 20, 000 x g for 15 

minutes at 4° C.  The pellet was resuspended in 10 ml fresh ice cold Krebs-Ringer-
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HEPES (KRH) buffer [118.4 mM NaCl, 1.18 mM MgSO4, 4.7 mM KCl, 1.2 mM 

KH2PO4, 10.0 mM HEPES, 5.6 mM dextrose (pH 7.4)].  An aliquot of 200 µl of the 

synaptosomes was placed in a tube with 50 µl KRH buffer.  A 10 µl aliquot of 3H-NE (50 

nM at a specific activity of 10.9 Ci/mmol) (NEN, Boston, MA) was added to each tube 

and tubes were incubated for 15 minutes at 37° C.  The reaction was stopped by adding 5 

mL ice-cold KRH buffer to each tube, followed by rapid filtration through a GF/F 

Whatman fiberglass filter on a Millipore sampling manifold.  Filters were washed twice 

with ice cold KRH, placed in scintillation vials with 5 ml scintillation cocktail, and 

counted on a Beckman LS scintillation counter (Beckman, Fullerton, CA).  An additional 

set of tubes, one for each treatment group, was incubated on ice (approximately 4° C) to 

determine non-specific uptake.  Protein analysis was performed utilizing the 

bicinchoninic acid (BCA) method (Pierce, Rockford, IL) to determine total protein of the 

synaptosome fraction.   

Stereotaxic Surgery 

After five weeks of dietary treatment and one week prior to microdialysis 

experiments, rats were anesthetized with ketamine-HCl (80 mg/kg) and xylazine (12 

mg/kg) (IDMn dosage: ketamine-HCl 60 mg/kg; xylazine 8 mg/kg) and maintained on a 

heating pad at 37° C.  The heads of the rats were shaved and wiped with a 5% povidone-

iodine solution to reduce risk of infection.  Sterile instruments and gloves were used 

throughout the surgical procedure.  The rats were secured in the stereotaxic frame and an 

incision was made perpendicular to the bregma.  A guide cannula (CMA/12, CMA 

Microdialysis, Acton, MA) was implanted into the caudate putamen using the following 

coordinates: 2.4 mm lateral to the midline, 7.5 mm anterior to the lambda.  The cannula 
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was lowered to a depth of 2.5 mm, positioning it in the medial area of the caudate 

putamen (Paxinos and Watson, 1998).  Anchoring screws were utilized to maintain the 

position of the cannula before being cemented into place using dental adhesive.  Animals 

were given 0.9% sterile saline (0.5 ml/kg body weight, i.p.) to reduce fluid lost while 

under anesthesia and to aid in recovery time.  Animals were also given the xylazine 

reversal agent Antisedan (Atapimazole) (0.1 mg/kg body weight, i.p.) (Allivet, Hialeah, 

FL), to reduce recovery time.  Animals were returned to shoebox cages with Tek-Fresh 

bedding (Harlan, Indianapolis, IN) and monitored daily until microdialysis experiments 

began. 

Microdialysis 

During week six of the dietary protocol, a microdialysis probe (CMA/12 Elite, 

CMA Microdialysis, Acton, MA) was inserted into the guide cannula and the rat was 

perfused with artificial cerebral spinal fluid (aCSF) (155 mM Na+, 0.83 mM Mg2+, 2.9 

mM K+, 132.76 mM Cl-, 1.1 mM Ca+, pH 7.4) for one hour at a flow rate of 1 µl/min.  

After perfusion, the flow rate was adjusted to 0.5 µl/min and 30 minute fractions were 

collected in microtubes for a total of four and a half hours (9 samples per rat) in a 

refrigerated fraction collector (CMA Microdialysis, Acton MA).  Samples were stored at 

-80° C until analysis of the dialysate fraction.  To quantify levels of NE from the 

microdialysate, fractions were analyzed using capillary electrophoresis with laser induced 

fluorescence detection (CE-LIF) (Biorad Biofocus 2000, Hercules, CA, with 488 nm 

diode laser/590 nm emission filter). Rats were then returned to their home cage, and the 

following day were sacrificed, brains removed, and probe placement verified post 

mortem.  Brains were dissected into six regions (caudate putamen, globus pallidus, 



 

98 
 

substantia nigra, hippocampus, locus coeruleus, and cerebellum) for metal, protein, and 

mRNA analyses (see below). The same individual dissected all brain regions, using brain 

atlas coordinates (Paxinos and Watson, 1998) and a stainless steel rat brain matrix for 

coronal sectioning.  Regions were selected based on the known heterogeneous 

accumulation of metals in response to alterations in dietary Fe and Mn levels (Anderson 

et al., 2008; 2007; Erikson et al., 2002) and the density of adrenergic neurons.   

CE-LIF analysis 

A protocol by Chen et al. (2001) allowing for detection of amino acids and 

biogenic amines at nanomolar concentrations modified to accommodate the needs of our 

previous study (Anderson et al., 2008) was utilized in the current study as well.  The 

advantages of applying CE analysis to neuroactive compounds include minimal required 

sample volumes, speed of analysis, and high separation efficiency (Powell and Ewing, 

2005).  Briefly, on the day of sample analysis, 5 μl of microdialysate sample were 

derivatized at 40˚ C by the addition to 100 nmol ATTO-TAG™ FQ fluorogenic reagent 

(Molecular Probes, Eugene, OR) and 10 μL of a 10 mM borate (Fisher, Fair Lawn, NJ)/ 

25 mM KCN (Fluka) solution (pH 9.18).  The total sample volume was adjusted to 20 μl 

using HPLC grade methanol (G.J. Chemical Company, Newark, NJ).  After a minimum 

reaction time of 90 min., 1 μl of an FQ derivatized homoserine (Sigma, St.Louis, MO) 

internal standard solution was added to the derivatized microdialysate sample and 

analyzed. CE-LIF conditions leading to high efficiency peaks for NE samples were 10 kV 

for 10 min with sample injections at 10 psi/sec.  Uncoated silica capillary (Polymicro, 

Arizona) with an i.d. of 25 µm, o.d. of 361 µm, and effective/total lengths of 25.4/30.0 

cm was used.  The run buffer was 15 mM sodium borate (Fisher), pH 9.0, with 45 mM 
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sodium dodecyl sulfate (Pierce, Rockford, IL), 5 mM sodium cholate (Anatrace, Maumee, 

OH), and 4% (v/v) 2-propanol (Fisher).  Three replicates were analyzed for each sample, 

with a calibration curve for NE constructed each day of sample analysis using three 

points with a concentration range of 5 μM to 10 μM NE.  Norepinephrine (Sigma) and 

homoserine standard solutions used for construction of calibration curves were prepared 

in aCSF with the same composition as that used in the microdialysis studies. To verify 

that NE content in microdialysate samples fell within the sensitivity range of the method, 

a calibration curve was constructed by serial dilution of derivatized standards until such 

time as no discernable peak was obtained for NE. From this, the limit of detection for NE, 

defined as 3σ/m, where σ represents the standard deviation of the background and m 

represents the slope or sensitivity of the calibration curve, was determined to be 59 nM 

for this method, with a linear dynamic range of 2.93 decades.   The ratio of NE peak 

height to homoserine peak height for each sample was used to determine the 

concentration of NE based on the calibration curve response. 

Protein extraction 

 Protein was extracted from the brain tissue samples for Western blot analysis.  

Tissue samples were sonicated in 500 µl of RIPA lysis buffer (1% Nonidet 40, 1% SDS, 

0.5% sodium deoxycholate, 1 mM NaF, 2 mM ß-glycerolphosphate, 1 mM sodium 

orthovanadate, and 1X protease inhibitor cocktail (Sigma, St. Louis, MO) in 1X PBS) on 

ice until completely homogenized.  Homogenates were incubated on ice for 20 minutes 

before being centrifuged at 10,000 x g for 20 minutes at 4˚ C.  Supernatant was then 

transferred to new tubes and total protein concentration determined by BCA assay 

(Pierce, Rockford, IL) before proceeding with Western analysis. 
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Western blot analysis 

 Western blot analysis was conducted to examine the effects of the dietary 

treatment on expression of NET and α2 adrenergic receptor in vivo.  The α2 adrenergic 

receptor was chosen due to its role in regulating adrenergic activity and expression of 

NET (Marien et al., 2004).  Protein samples (20 µg) were combined with 4X LDS sample 

buffer (Invitrogen, Carlsbad, CA) containing 5% ß-mercaptoethanol and heated at 70˚ C 

in a heat block for 10 minutes.  Samples were then loaded onto a 4-12% Bis-Tris pre-cast 

mini gel (Invitrogen, Carlsbad, CA) and electrophoretically separated under denaturing 

conditions in 1X MOPS buffer containing 1% antioxidant (Invitrogen, Carlsbad, CA).  

Proteins were transferred to a PVDF membrane (Millipore, Billerica, MA) before 

blocking with 5% BSA.  Membranes were probed overnight at 4˚ C with primary 

antibody (rabbit polyclonal anti-NET; rabbit polyclonal anti-α2 adrenergic receptor; 

Chemicon, Temecula, CA) (mouse monoclonal anti-ß-actin; Santa Cruz Biotech, Santa 

Cruz, CA) for the protein of interest in 5% BSA.  Membranes were rinsed in 1X TBST 

(10 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and probed for 2 hours at room 

temperature with an HRP-conjugated secondary antibody (goat anti-rabbit; Chemicon, 

Temecula, CA) (goat anti-mouse; Santa Cruz Biotech, Santa Cruz, CA) in 5% BSA.  

Membranes were then rinsed several times in 1X TBST before incubation in ECL 

solution (Perkin Elmer, Waltham, MA) and exposure to radiographic film (Pierce, 

Rockford, IL).  Membranes were probed for ß-actin to verify equal loading and for image 

analysis.  This housekeeping protein was chosen for comparison over GAPDH, which has 

been shown to be affected by Mn concentrations (Hazell, 2002).  Films were analyzed 

using image analysis software (Image J, NIH, Bethesda, MD), with the amount of the 
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target protein from each sample standardized to the amount of ß-actin from the same 

sample.   

RNA isolation and cDNA synthesis 

 Total RNA was isolated from brain regions for quantitative PCR analysis.  Tissue 

samples were stored in 1 ml of RNAlater® solution (Ambion Inc., Austin, TX) and 

stored at -20° C until analysis.  Total RNA was isolated utilizing the ToTALLY RNA™ 

kit (Ambion Inc., Austin, TX) following manufacturer’s instructions.  RNA concentration 

and purity were determined by spectrophotometric analysis before carrying out cDNA 

synthesis.  Synthesis of cDNA from total RNA was performed using the High Capacity 

cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, CA) following 

manufacturer’s instructions. 

Quantitative PCR 

 Quantitative real-time PCR analysis was utilized to determine the effects of the 

dietary protocol on the mRNA expression of NET and α2 adrenergic receptor.  Triplicate 

aliquots of cDNA were analyzed on 96-well plates using expression assays for the genes 

of interest obtained from Applied Biosystems (Foster City, CA).  Values of cDNA 

expression were normalized relative to the expression of β-actin analyzed from the same 

sample on the same plate and reported as percent of control.   

Metal analysis 

Tissue Mn and Fe concentrations were measured with graphite furnace atomic 

absorption spectrometry (Varian AA240, Varian, Inc., USA). Blood samples were 

collected at the end of the experiment into heparinized tubes, cooled to 4° C, and 

centrifuged for 15 minutes to separate cells from plasma.  Plasma was frozen at –80° C 
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until analyzed for Mn and Fe.  Equal volumes of plasma and 0.5% Triton-X were 

vortexed for 30 s before being centrifuged at 12,000 x g for 10 minutes.  The supernatant 

was removed and an aliquot of 50 µl brought to 1 ml total volume in 2% nitric acid and 

analyzed for Mn and Fe content.  Brain regions (caudate putamen, globus pallidus, 

substantia nigra, hippocampus, locus coeruleus, and cerebellum) were digested in ultra-

pure nitric acid (1:10 w/v dilution) for 48-72 hours in a sand bath (60° C).  A 50 µl 

aliquot of digested tissue was brought to 1 ml total volume with 2% nitric acid for 

analysis.  The unused fraction of synaptosomes from each dietary treatment was 

centrifuged at 2000 x g for 10 minutes at 4° C.  The supernatant was removed and the 

pellet was digested in 500 µl ultra-pure nitric acid for 48 hours.  A 100 µl aliquot was 

brought up to 1 ml total volume with 2% nitric acid for analysis.  Bovine liver (NBS 

Standard Reference Material, USDC, Washington, DC) (10 µg Mn/g; 184 µg Fe/g) was 

digested in ultrapure nitric acid and used as an internal standard for analysis (final 

concentration 5 µg Mn/L; 92 µg Fe/L).    

Statistical analysis 

 Statistical analyses were conducted using SPSS v14.  Data were examined for 

normality of distribution using a one-sample Kolmogorov-Smirnov test and for the 

presence of outliers by boxplot analysis. Data were analyzed using analysis of variance, 

with Dunnett’s post-hoc analysis conducted to assess difference from controls when 

p<0.05.  Pearson’s correlational analyses were conducted to examine relationships 

between: 1) 3H-NE uptake and Mn/Fe concentrations; and 2) extracellular concentrations 

of NE, Mn, and Fe. 
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Figure Legends 

Figure 1.  Plasma metal concentrations at six weeks. (A) Plasma manganese 

concentrations expressed as nmol/L were significantly increased in those animals 

receiving manganese supplementation versus those animals receiving deionized water 

alone (p=0.02) (n=24).  (B) A significant decrease in plasma iron concentration was 

observed in animals receiving the ID diet versus the CN diet (p=0.007). 

 

Figure 2.  Brain metal concentrations at six weeks.  Overall, Mn exposure caused a 

significant increase in brain regional Mn concentrations versus CN.  Mean concentrations 

± SEM are shown for manganese (A) and iron (B) for caudate putamen (Cp), globus 

pallidus (GP), hippocampus (HC), substantia nigra (SN), cerebellum (Cb), and locus 

coeruleus (LC).  The Fe:Mn ratio is also reported, illustrating the impact of Mn exposure 

on Fe homeostasis (C).  CN is represented in black (n=6), CNMn in gray (n=6), ID in 

white (n=6), and IDMn in dotted area (n=6).  Asterisks (*) indicate a statistically 

significant difference from CN according to Dunnett’s post-hoc analysis. 

 

Figure 3.  Effect of dietary treatment on uptake of 3H-NE. 3H-NE uptake decreased with 

increased Mn concentration in the locus coeruleus, with decreased Fe associated with 

decreased uptake of 3H-NE in the caudate putamen and locus coeruleus.  Correlational 

analysis of 3H-NE uptake in the caudate putamen versus (A) synaptosomal Mn 

concentration and (B) synaptosomal Fe concentration (R=0.436; p=0.033).  Correlation 

analysis of 3H-NE uptake in the locus coeruleus versus (C) synaptosomal Mn 
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concentration (R=-0.753; p=0.001) and (D) synaptosomal Fe concentration (R=0.86; 

p<0.001) (n=24). 

 

Figure 4.  Microdialysate analysis. Extracellular concentrations of NE in the caudate 

putamen were significantly decreased in response to Mn exposure and ID. Mean 

concentrations ± SEM are shown for (A) extracellular NE, (B) manganese, and (C) iron 

in microdialysate samples from the caudate putamen after six weeks of dietary treatment 

(n=24).  Inset: Correlational analysis of extracellular NE versus extracellular Fe (R=0.86; 

p<0.001). *p<0.001 

 

Figure 5.  Effect of dietary treatment on NET protein and mRNA expression.  Overall, 

Mn exposure and ID lead to a decrease in NET protein and mRNA expression.  Mean 

expression as percentage of control ± SEM for NET (A) protein and (B) mRNA relative 

to β-actin are shown for caudate putamen (Cp), globus pallidus (GP), hippocampus (HC), 

substantia nigra (SN), locus coeruleus (LC), and cerebellum (Cb) (n=24).  CN is 

represented in black, CNMn in gray, ID in white, and IDMn in dotted area.  (C) 

Representative blots for NET and β-actin for each region are shown, with each band 

representing an individual animal.  *p<0.05 according to Dunnett’s post-hoc analysis 

 

Figure 6.  Effect of dietary treatment on α2 receptor protein and mRNA expression.  

Overall, Mn exposure and ID lead to a decrease in α2 receptor protein and mRNA 

expression. Mean expression as percentage of control ± SEM for α2 receptor (A) protein 

and (B) mRNA relative to β-actin are shown for caudate putamen (Cp), globus pallidus 
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(GP), hippocampus (HC), substantia nigra (SN), locus coeruleus (LC) and cerebellum 

(Cb) (n=24).  CN is represented in black, CNMn in gray, ID in white, and IDMn in dotted 

area.  (C) Representative blots for α2 receptor and β-actin for each region are shown, with 

each band representing an individual animal.  *p<0.05 according to Dunnett’s post-hoc 

analysis 

 

Figure 7. NE biology during Mn overload and reduced Fe.  This simple schematic of the 

basal ganglia represents the potential cause and consequences of the decreased 

extracellular NE concentrations in the striatum (caudate putamen) due to alterations of 

Mn and Fe status observed in the current study.  (1) Altered expression of NE transport 

and receptor proteins and/or neuronal loss in the locus coeruleus (LC) would lead to a 

decrease in NE release (thin dotted line), (2) decreasing extracellular NE concentrations 

in the striatum, reducing the activity of the GABA striatopallidal projection neurons (3) 

(dotted line).  This reduction in activity would (4) increase the GABAergic inhibitory 

firing from the globus pallidus (GP) to the subthalamic nucleus (STN) (heavy black line), 

in turn (5) decreasing the excitatory glutamatergic firing from this region to the substantia 

nigra (SN) (dotted line).  (6) Decreased glutamatergic excitation in the SN, along with 

decreased GABAergic inhibition from the striatonigral projection neurons (dotted line), 

decreased adrenergic activity from the LC (1) (thin dotted line), and decreased protein 

expression of NET and α2 adrenergic receptor, would lead to a dysregulation of 

dopaminergic firing to the Cp along the nigrostriatal pathway (alternating line). 
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Table 1. Summary of studies examining the effects of Mn exposure on NE biology. 
 
Reference Dose & Route Effect 
Struve et al., 2007 1.5 mg Mn/m3 via inhalation Marginal decrease in NE 

content in the caudate of 
rhesus monkeys 

Kontur and Fechter, 1988 25 or 50 µg Mn/g/day via 
gavage 

No effects on rat brain NE 

Chandra et al., 1984 100, 500, or 1000 µM Mn Decreased uptake of NE in rat 
synaptosomes 

Seth and Chandra, 1984 10 mg Mn/kg Increased NE 
Autissier et al., 1982 1 mg Mn/100 g/day via 

intraperitoneal injection 
Increased NE in rat brain stem 
and hypothalamus 

Lai et al., 1982 1.5 µM Mn Decreased uptake of NE in rat 
synaptosomes 

Chandra and Shukla, 1981a 1 mg Mn/ml via drinking water Increased turnover of rat brain 
NE 

Chandra and Shukla, 1981b 1 mg Mn/ml via drinking water Initial increase in rat striatal 
NE 
No change from 180 to 240 
days 
Decreased NE from 300 to 360 
days 

Deskin et al., 1981 1, 10, or 20 µg Mn/g via 
gavage 

No effects on rat striatal NE 

Shukla et al., 1980 15 mg Mn/kg via 
intraperitoneal injection 

Increased NE in whole brain of 
rats 

Chandra et al., 1979 3 µg Mn/ml via drinking water Increased NE in mouse 
striatum 

Mustafa and Chandra, 1971 400 mg Mn/kg via intrathecal 
injection 

Decreased NE in whole brain 
of rabbits 

 
References, dosing regimen, and brief results are given for previous studies of the effect 
of Mn exposure on NE biology. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Abstract 

 Manganese (Mn) accumulation in the brain has been shown to alter the 

neurochemistry of the basal ganglia.  Mn-induced alterations in dopamine biology are 

fairly well understood, but recently more evidence has emerged characterizing the role of 

γ-aminobutyric acid (GABA) in this dysfunction. The purpose of this study was to 

determine if the previously observed Mn-induced increase in extracellular GABA 

(GABAEC) was due to altered GABA transporter (GAT) function, and whether Mn 

perturbs other amino acid neurotransmitters, namely taurine and glycine (known 

modulators of GABA). Extracellular GABA, taurine, and glycine concentrations were 

collected from the striatum of control (CN) or Mn-exposed Sprague-Dawley rats using in 

vivo microdialysis, and the GAT inhibitor nipecotic acid (NA) was used to probe GAT 

function. Tissue and extracellular Mn levels were significantly increased, and the Fe:Mn 

ratio was decreased 36-fold in the extracellular space due to Mn exposure.  NA led to a 2-

fold increase in GABAEC of CNs, a response that was attenuated by Mn. Taurine 

responded inversely to GABA, and a novel 10-fold increase in taurine was observed after 

the removal of NA in CNs.  Mn blunted this response and nearly abolished extracellular 

taurine throughout collection. Striatal taurine transporter (Slc6a6) mRNA levels were 

significantly increased with Mn exposure, and Mn significantly increased 3H-Taurine 

uptake after 3-minute exposure in primary rat astrocytes.  These data suggest that Mn 

increases GABAEC by inhibiting the function of GAT, and that perturbed taurine 

homeostasis potentially impacts neural function by jeopardizing the osmoregulatory and 

neuromodulatory functions of taurine in the brain.          
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1. Introduction 

An essential trace element and a cofactor for several enzymes (Hurley and Keen, 

1987), manganese (Mn) is involved in immune function, regulation of metabolism, 

reproduction, digestion, bone growth, and blood clotting (see review by Aschner et al., 

2005).  While frank manganese deficiency has not been clinically observed in humans, 

Mn toxicity, in particular Mn neurotoxicity, is of concern (Aschner et al., 2005; Dobson 

et al., 2004).  A recent study suggests that high levels on Mn in drinking water (>300 

µg/L) are associated with reduced intellectual function in children (Wasserman et al., 

2006) likely due to altered neurochemistry (Garcia et al., 2006; Anderson et al., 2008, 

2009) Manganese neurotoxicity shares similarities with the neurodegenerative disorder 

Parkinson’s disease (Beuter et al., 1994; Calne et al., 1994; Pal et al., 1999), though the 

two are clinically distinct (Calne et al., 1994; Pal et al., 1999; Perl and Olanow, 2007).  

Due to the similarities of Mn neurotoxicity with Parkinson’s disease, most research in the 

area of Mn neurotoxicity has focused on its effect on the biology of dopamine.  Recently 

it has become clear that alterations in the biology of other neurotransmitters are involved 

in the etiology of Mn neurotoxicity, with the most evidence concerning γ-aminobutyric 

acid (GABA) (Anderson et al., 2007, 2008; Garcia et al., 2006; 2007; Gwiazda et al., 

2002). 

With the intriguing findings that striatal extracellular GABA (GABAEC) 

concentrations are higher due to Mn-exposure (Anderson et al., 2008), and uptake of 3H-

GABA is attenuated by Mn-exposure in striatal synaptosomes (Anderson et al., 2007) 

despite no significant effect of Mn on GABA transporter (GAT) protein and mRNA 

levels (Anderson et al., 2008); we hypothesize that the functioning of the transporter is 
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altered by Mn exposure leading to attenuation of GABA reuptake.  Thus, we designed 

our current experiment to pharmacologically probe the functioning of GAT by 

administering a known uptake inhibitor, nipecotic acid (NA).  NA has a high binding 

affinity for human GAT-1 and rat GAT-1 and -2, decreasing astrocyte and neuronal 

GABA uptake (Krogsgaard-Larsen 1980; Krogsgaard-Larsen et al., 2000).  We can, 

therefore, test GAT function by measuring the increase in GABAEC concentrations in the 

striatum of Mn-exposed rats by comparing them to the controls. The use of NA is also 

advantageous because it does not block the transport of other amino acids 

neurotransmitters, most notably taurine (del Olmo et al., 2004).   

Taurine is an abundant non-essential amino acid in the brain formed from cysteine.  

Traditionally, brain taurine is thought to function as an osmoregulator in cells (cell 

volume regulation), but has also been implicated in neuromodulation, possibly 

functioning as a neurotransmitter.  Data exist suggesting that taurine functions as an 

anxiolytic agent (Kong et al., 2006) and interacts with the GABAA receptor (Jia et al., 

2008).  These data make sense given that it has long been recognized that taurine and 

GABA are structurally similar and may share transporters in the brain.   

We chose to look at the taurine/GABA relationship in the striatum because it is a 

known region for Mn accumulation (Erikson et al., 2005; Liu et al., 2000) and because 

the GABAergic medium spiny neurons of the striatum help orchestrate dopaminergic 

activity in the basal ganglia (Ade et al., 2008), where dysfunction is known to contribute 

to movement abnormalities during Mn neurotoxicity (Carlsson and Carlsson, 1990).  

Microdialysate fractions collected from the striatum of rats revealed that taurine release 

was higher than glutamate and glycine, and that overall the striatum is very rich in taurine 
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(Molchanova et al., 2004).  To date, however, the effect of Mn exposure on extracellular 

taurine (TauEC) in the striatum is unknown.   Therefore, we sought to determine if Mn 

exposure effects TauEC concentrations in the striatum possibly as it relates to GABA 

biology.   

In addition to GABA and taurine, we felt it was prudent to examine the effect of 

Mn on another amino acid neurotransmitter, glycine.  Glycine is an abundant inhibitor 

neurotransmitter, similar to GABA, and it is known that taurine is a glycine receptor 

agonist (Xu et al., 2006). Although previous studies have not shown Mn to have an effect 

on extracellular glycine (GlyEC) levels in the striatum (Takeda et al., 2003), it is possible 

that glycine levels may be affected due to potential alterations in GABA or taurine 

concentrations driven by NA or Mn exposure. 

Within the brain, astrocytes are the primary cells that maintain the composition of 

the extracellular fluid (Wang and Bordey, 2008).  It is logical, therefore, that disturbances 

in GABAEC, GlyEC and TauEC caused by Mn exposure could be due to astrocyte 

dysfunction.  Thus, our final goal of this study was to examine the effect of Mn exposure 

on amino acid biology in primary astrocyte cultures.   

2. Materials and Methods 

2.1 Animals 

Male weanling (post-natal day 21) Sprague-Dawley rats (Harlan Sprague-Dawley, 

Indianapolis, IN) (n=8 for microdialysis study; n=6 for PCR gene expression and metal 

analysis studies) were randomly divided into two dietary treatment groups used in 

previous studies (Anderson et al., 2007, 2008): control (CN; 35 mg Fe/kg, 10 mg Mn/kg 

diet & d.i. water) and Mn-exposed (Mn; control diet & 1 g Mn (as MnCl2)/L d.i. water).  
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Diets were obtained from Bio-Serv (Frenchtown, NJ) and certified for metal content.  

Rats had free access to food and water 24 hr/day, with the lights off between 1800 and 

600 h and room temperature maintained at 25 ± 1° C.  The University of North Carolina 

at Greensboro Animal Care and Use Committee approved all of the animal procedures. 

2.2 Cell Cultures 

Rat primary cortical astrocyte cultures were purchased from Invitrogen (Carlsbad, CA) 

and certified for purity with > 95% staining positive for the astrocytic marker glial 

fibrillary acidic protein (GFAP).  Cells were grown in Dulbecco’s Modified Eagle Media 

(D-MEM) with 15% fetal bovine serum (FBS), and maintained in a humidified 

atmosphere of 95% air/5% CO2 at 37°C.  Manganese treatments were delivered using 0, 

100, or 300 µM Mn in the form of MnCl2.  These dose concentrations are based on 

previous studies in non-human primates reporting clinical symptoms of Mn neurotoxicity 

at brain concentrations of 300 µM, while 100 µM concentrations appeared to be 

asymptomatic (Suzuki et al., 1975).  For this reason 300 µM was use to examine the 

effect of toxic Mn accumulation on Taurine uptake, while 100 and 300 µM were used for 

the mRNA experiments to examine if there is a change in expression of Scl6a6 from 

moderate non-symptomatic  levels (100 µM) to known toxic accumulation (300 µM). 

2.3 3H-Taurine  

Uptake of tritiated taurine (3H-Taurine) was measured as described by Erikson 

and Aschner (2002).  Astrocytes (cultured for 3-4 weeks, seeded 2 x 105 in 6-well plates, 

and grown to confluence) were incubated overnight at 37°C with treatment media 

containing 0 or 300 μM MnCl2.  The next day, cells were washed 3X with HEPES buffer 

[122 mM NaCl, 3.3 mM KCl, 0.4 mM MgSO4, 1.3 mM CaCl2, 1.2 mM KH2PO4, 10 mM 
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glucose, and 25 mM N-2-hydroxy-ethylpiperanzine N̒-2-ethansulfonic acid, pH 7.4] and 

incubated for 1, 3, or 6 minutes with HEPES buffer containing 0.5 μCi 3H-taurine (GE 

Healthcare Life Sciences, Piscataway, NJ).  The reaction was stopped by aspirating the 

tritiated HEPES and washing the cells 4X with cold (4°C) 290 mM mannitol buffer 

containing 0.5 mM calcium nitrate to maintain cell adhesion to the substrate.  Cells were 

solubilized in 1 mL RIPA lysis buffer (99 mL 1X PBS, 1 mL Nonidet 40, 0.1 g sodium 

dodecyl sulfate, 0.5 g sodium deoxycholate, pH 7.4) and 750 µL aliquots were used for 

β-counting with a Beckman LS 3801 liquid scintillation analyzer (Beckman Instruments).  

The remaining 250 µL was used for protein determination using the bicinchoninic assay 

(BCA, Pierce Chemicals).  

2.4 Stereotaxic Surgery 

After five weeks of dietary treatment and one week prior to microdialysis 

experiments, rats were anesthetized with ketamine-HCl (80 mg/kg) and xylazine (12 

mg/kg) and maintained on a heating pad at 37° C.  The heads of the rats were shaved and 

wiped with a 5% povidone-iodine solution to reduce risk of infection.  Sterile instruments 

and gloves were used throughout the surgical procedure.  The rats were secured in the 

stereotaxic frame and an incision was made perpendicular to the bregma.  A guide 

cannula (CMA/12, CMA Microdialysis, Acton, MA) was implanted into the striatum 

using the following coordinates: 2.4 mm lateral to the midline, 7.5 mm anterior to the 

lambda.  The cannula was lowered to a depth of 2.5 mm, positioning it in the medial area 

of the striatum (Paxinos and Watson, 1998).  Anchoring screws were utilized to maintain 

the position of the cannula before being cemented into place using dental adhesive.  

Animals were given 0.9% sterile saline (0.5 mL/kg body weight, i.p.) to reduce fluid lost 
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while under anesthesia and to aid in recovery time.  Animals were also given the xylazine 

reversal agent Antisedan (Atapimazole) (0.1 mg/kg body weight, i.p.) (Allivet, Hialeah, 

FL) to reduce recovery time.  Animals were returned to shoebox cages with Tek-Fresh 

bedding (Harlan, Indianapolis, IN) and monitored daily until microdialysis experiments 

began. 

2.5 Microdialysis 

During week six of the dietary protocol, a microdialysis probe (CMA/12 Elite, 

CMA Microdialysis, Acton, MA) was inserted into the guide cannula and the rat was 

perfused with artificial cerebral spinal fluid (aCSF) (155 mM Na+, 0.83 mM Mg2+, 2.9 

mM K+, 132.76 mM Cl-, 1.1 mM Ca+, pH 7.4) for one hour at a flow rate of 1 µL/min.  

After perfusion, the flow rate was adjusted to 0.5 µL/min and 30 minute fractions were 

collected in microtubes for a total of four and a half hours (9 samples per rat) in a 

refrigerated fraction collector (CMA Microdialysis, Acton MA).  This protocol has been 

used successfully in previous studies with stable neurotransmitter recovery in the 

dialysate (Anderson et al., 2008; 2009). Probe recoveries measured using in vitro 

standards for GABA, taurine, and glycine were averaged for each amino acid over all 

probes; however, because tissue diffusion may affect in vivo probe recovery no 

correction was made for total recovery as in previous studies (Anderson et al., 2008; 2009; 

Beard et al., 1994; Chen et al., 1995; Nelson et al., 1997). The microdialysate samples 

analyzed were collected at 0, 60, 120, 180, and 240-minute time-points with NA 

administration (100 µM in aCSF) just prior to the 60-minute collection.  This time course 

identifies baseline values (0 min), the response of extracellular amino acid concentrations 

to decreased GAT function (60 min), their recovery after removal of NA and re-perfusion 
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with aCSF (120 min), and renormalization (180 and 240 min). Samples were stored at -80° 

C until analysis of the dialysate fraction.  Rats were then returned to their home cage, and, 

the following day, were euthanized, brains removed, and probe placement verified post 

mortem.   

2.6 CE-LIF analysis 

A protocol by Chen et al. (2001) allowing for detection of amino acids and 

biogenic amines at nanomolar concentrations, modified to accommodate the needs of our 

previous studies (Anderson et al., 2008, 2009), was utilized in the current study as well.  

The advantages of applying CE analysis to neuroactive compounds include minimal 

required sample volumes, speed of analysis, and high separation efficiency (Powell and 

Ewing, 2005).  Briefly, on the day of sample analysis, 5 μL of microdialysate sample 

were derivatized at 40˚C by the addition to 100 nmol ATTO-TAG™ FQ fluorogenic 

reagent (Molecular Probes, Eugene, OR) and 10 μL of a 10 mM borate (Fisher, Fair 

Lawn, NJ)/ 25 mM KCN (Fluka) solution (pH 9.18).  The total sample volume was 

adjusted to 20 μL using HPLC grade methanol (G.J. Chemical Company, Newark, NJ).  

After a minimum reaction time of 90 min., 1 μL of an FQ derivatized homoserine (Sigma, 

St.Louis, MO) internal standard solution was added to the derivatized microdialysate 

sample and analyzed. CE-LIF conditions leading to high efficiency peaks for 

microdialysate samples were 10 kV for 10 min with sample injections at 10 psi/sec.  

Uncoated silica capillary (Polymicro, Arizona) with an i.d. of 25 µm, o.d. of 361 µm, and 

effective/total lengths of 25.4/30.0 cm was used.  The run buffer was 15 mM sodium 

borate (Fisher), pH 9.0, with 45 mM sodium dodecyl sulfate (Pierce, Rockford, IL), 5 

mM sodium cholate (Anatrace, Maumee, OH), and 4% (v/v) 2-propanol (Fisher).  Three 
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replicates were analyzed for each sample, with calibration curves for neurotransmitters of 

interest constructed each day of sample analysis using three points with a concentration 

range of 0.1 μM to 5 μM.  GABA (Sigma), glycine (Sigma), taurine (Sigma), and 

homoserine standard solutions used for construction of calibration curves were prepared 

in ACSF with the same composition as that used in the microdialysis studies.  The ratio 

of neurotransmitter peak height to internal standard (homoserine) peak height for each 

sample was used to determine the concentration of the neurotransmitter based on the 

calibration curve response. 

2.7 RNA isolation and cDNA synthesis 

 Total RNA was isolated from astrocyte monolayers and the striatum of control 

and Mn exposed rats for quantitative PCR analysis.  Tissue samples were stored in 1 mL 

of RNAlater® solution (Ambion Inc., Austin, TX) and kept at -80° C until analysis.  

Astrocytes were cultured in 6-well plates, then treated for 24 hrs with media containing 0, 

100, or 300 µM Mn.  Astrocytes were harvested in 500 µL Denaturation Solution 

(Ambion Inc., Austin, TX).  Tissue and cell culture RNA isolation was performed using 

the ToTALLY RNA™ system (Ambion Inc., Austin, TX), following manufacturer’s 

instructions.  RNA concentration and purity were determined by spectrophotometric 

analysis before carrying out cDNA synthesis.  Synthesis of cDNA was performed using 

the High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, 

CA), following manufacturer’s instructions. 

2.8 Quantitative PCR 

 Quantitative real-time PCR analysis was utilized to determine differential mRNA 

expression between control and Mn treated tissue or cell samples of the solute carrier 
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family taurine transporter Slc6a6 (Applied Biosystems, Foster City, CA; 

Rn00567962_m1, Chr. 4 - 125875817 – 125945795). Triplicate aliquots of cDNA were 

analyzed on 96-well plates using TaqMan® Gene Expression assays (Applied Biosystems, 

Foster City, CA).  Values of cDNA expression were normalized relative to the expression 

of β-actin (Rn00667869_m1, Chr. 12 - 12047070 – 12050040) analyzed from the same 

sample on the same plate and reported as percent of control.   

2.9 Metal analyses 

Mn, Fe, and copper (Cu) concentrations were measured with graphite furnace 

atomic absorption spectrometry (Varian AA240, Varian, Inc., USA). Brain tissue from 

the striatum was digested in ultra-pure nitric acid (1:10 w/v dilution) for 48-72 hours in a 

sand bath (60° C).  A 50 µL aliquot of digested tissue was brought to 1 mL total volume 

with 2% nitric acid for analysis.  The extracellular striatal samples obtained via 

microdialysis were not diluted due to the small volume (20 μL) and the likelihood that 

this biological compartment has a low concentration of metals. Bovine liver (NBS 

Standard Reference Material, USDC, Washington, DC) (10 µg Mn/g; 184 µg Fe/g; 80 µg 

Cu/g) was digested in ultrapure nitric acid and used as an internal standard for analysis 

(final concentration 5 µg Mn/L; 92 µg Fe/L; 10 µg Cu/L).    

2.10 Statistical Analysis 

 Data were analyzed using SPSS v14 for Windows (Microsoft, Redmond, WA).  

Metal, baseline microdialysis, and 3H-Taurine uptake data were analyzed using paired 

samples t-tests to examine the difference between Mn treated samples and controls.  

Independent sample t-tests were used to examine time-point percent change differences 

in the microdialysis data, time-point 3H-Taurine uptake changes, and significance 
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between Mn-exposed versus control mRNA expression of Scl6a6.  A p-value of < 0.05 

was considered significant.  

3. Results 

3.1 Manganese and Iron concentrations 

 Mn exposure resulted in significant alterations in compartmental metal 

concentrations.  As expected, tissue Mn levels were significantly higher in Mn exposed 

rats versus control (p = 0.001) (Table 1).  Cu levels were slightly increased with Mn 

exposure, and no appreciable difference was observed in Fe levels between the two 

groups; however, there was a significant reduction (p = 0.002) in the Fe:Mn ratio in the 

Mn exposed group (Table 1).  Examining Fe and Mn as a ratio may portray metal 

toxicities more accurately. The use of an Fe:Mn ratio has recently emerged as a reliable 

diagnostic criteria for metal neurotoxicities, as levels of one divalent cation may alter the 

availability or functionality of the other (Chua and Morgan, 1996; Cowan et al., 2009; 

Fitsanakis et al., 2008).   

Collected fractions of microdialysate were analyzed for Fe and Mn to assess 

changes in extracellular metal levels as a consequence of oral Mn exposure.  Extracellular 

Mn within the striatum was significantly increased in the Mn exposed rats, while Fe 

levels significantly decreased, compared to controls (p = 0.021 and 0.001, respectively) 

(Table 1).  Differences in extracellular metal concentrations between Mn exposed and 

control groups revealed a significant (p = 0.020), 36-fold, decrease in the extracellular 

Fe:Mn ratio due to increased Mn (Table 1).   
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3.2 Extracellular concentrations of Taurine, GABA, and Glycine     

 Extracellular amino acid concentrations are differentially altered by Mn-

exposure.  Baseline levels of taurine and glycine were more abundant than GABA in the 

extracellular space, though Mn does not have a statistically significant effect on their 

levels compared to control (Figure 1).  Mn-exposure, however, did significantly increase 

(p = 0.017) baseline GABA concentrations over control (Figure 1A), corroborating our 

previous findings (Anderson et al. 2007, 2008).  While GABAEC was more concentrated 

in the striatum of Mn-exposed rats, the rise in NA-induced GABA levels was not as 

profound in Mn-exposed versus control rats (Figure 1C).  Administration of NA caused a 

significant 228% increase in the GABAEC levels of the control (p = 0.015) but not in the 

Mn-exposed group (p = 0.233) (Figure 1C).  After the removal of NA and a 60-minute 

perfusion with aCSF, GABA levels returned to baseline and remained unchanged at the 

180- and 240-minute time-points (data not shown).  

 No significant difference in baseline taurine levels were found between control 

and Mn-exposed animals (Figure 1A).  In control animals administration of NA caused a 

modest 75% decline in TauEC from baseline, followed by a significant (p = 0.010) 1000% 

increase after removal of NA at the 120 minute time-point (Figure 1B).    The decrease in 

TauEC was similar in the Mn-exposed group due to NA administration; however, no rise 

in TauEC was observed after removal of NA, as observed in the control rats (Figure 1B).  

In control and Mn-exposed animals, taurine levels returned to and maintained levels 

similar to baseline at the 180- and 240-minute time-points (data not shown).   
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 GlyEC levels were similar in control and Mn-exposed groups, and no significant 

percent changes were observed between time-points within either control or Mn groups 

(Figure 1 D). 

 Limits of detection of the CE-LIF method employed for each neurotransmitter 

were found by serial dilution of derivatized standards until no discernable analyte peak 

could be obtained. Accordingly, limits of detection for GABA, glycine, and taurine were 

6.9 ± 1.7 nM, 24 ± 5 nM, and 42 ± 21 nM, respectively, with linear dynamic ranges of 

3.6 decades, 3.1 decades, and 3.3 decades, respectively. 

3.3 3H-Taurine Uptake 

 Mn exposure results in increased 3H-Taurine uptake in astrocytes.  After 

observing the unique effects of Mn-exposure on TauEC in the striatum of rats in vivo, we 

decided to examine the effect of Mn exposure on 3H-Taurine uptake in primary rat 

astrocytes in vitro.  Primary astrocytes exposed to Mn revealed a slight (30%) decrease in 

taurine uptake after 1 minute, followed by a significant (219%) increase after 3 minutes 

(p = 0.034) (Figure 2).  Six minute 3H-Taurine retention in Mn-exposed cells was similar 

to that of controls.  Uptake of 3H-Taurine in control cells remained consistent around 0.4 

pmol/mg protein at each time-point (Figure 2 inset).  To examine whether or not 24 hr 

Mn exposure had an effect on taurine transporter expression in astrocytes, we next 

evaluated Mn-induced alterations in the taurine transporter, Slc6a6.  

3.4 Gene expression of Taurine transporter  

 Mn exposure increased taurine transporter gene expression in the rat brain, 

but not cultured astrocytes.  Quantitative RT-PCR analysis was conducted on primary 

astrocytes and striatal brain tissue to determine whether or not taurine transporter (Slc6a6) 
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gene expression reflected the observed Mn-induced alterations in TauEC and 3H-uptake.  

Chronic Mn exposure caused a significant (p = 0.045) increase in striatal Slc6a6 mRNA 

levels compared to control (Figure 3).  Alternatively, acute Mn exposure (100 and 300 

µM Mn) had relatively little effect on astrocyte Slc6a6 mRNA levels (Figure 3).   

4. Discussion 
 
 The purpose of this study was to examine the effect of Mn on GAT-mediated 

GABA uptake.  Knowing that glycine and taurine are important amino acid 

neurotransmitters that are known to modulate GABA neurochemistry (Namima et al., 

1982; Hernandes and Troncone, 2009), it was logical that we measure them in the 

dialysate too.  We found that GAT function is attenuated by Mn exposure, and that the 

resulting increase in GABAEC alters taurine but not glycine homeostasis.  Specifically, 

we observed a 10-fold increase in TauEC upon removal of NA in the control animals but 

not in the Mn-exposed, implicating a critical neurotransmitter function of TauEC that Mn 

alters (discussed in more detail below and in Figure 4).    

Mn, Fe, and Cu levels were analyzed in the striatum of Mn exposed rats and non-

exposed controls to ascertain homeostatic changes due to Mn accumulation.  As expected, 

Mn exposure led to significant Mn accumulation in the striatum (Table 1).  Striatal Cu 

levels were slightly higher with Mn exposure, but tissue Fe levels were unaffected.  

These data are consistent with striatal Fe levels reported in previous studies with Mn 

exposure (Anderson et al., 2009; Erikson et al., 2004; Fitsanakis et al., 2008).  However, 

there was a near three-fold decrease in the Fe:Mn ratio with Mn exposure, suggesting 

altered metal homeostasis.  While tissue levels of Fe remained relatively unchanged, 

extracellular Fe was significantly decreased by Mn accumulation, with a 36-fold drop in 



143 
 

the Fe:Mn ratio.  Previously, Mn-driven decreases in extracellular Fe have been 

positively correlated with extracellular norepinephrine levels and inversely associated 

with GABAEC (Anderson et al., 2008, 2009), but no significant changes in tissue Fe 

levels were observed.  The disparity between tissue and extracellular Fe:Mn ratios 

suggest the synaptic environment may be subject to drastic changes in metal homeostasis.  

Moreover, these changes may leave the extracellular compartment vulnerable compared 

to striatal tissue, in which Fe and Mn levels appear to be more tightly regulated.  

 We specifically selected the striatum to examine the effect of Mn on GABAEC and 

GAT function because it is a known region for Mn accumulation (Erikson et al., 2005; 

Liu et al., 2000), and due to its high density of GABAergic cell bodies (Oertel and 

Mungnaini, 1984).  Mn exposure has been associated with increased GABAEC 

concentrations in the striatum, and decreased 3H-GABA uptake has been reported in 

striatal synaptosomes (Anderson et al., 2007, 2008).  While these studies reported little 

effect on GAT protein and mRNA levels with Mn exposure, the implications of these 

data on GAT functionality prompted us to pharmacologically probe GAT function with 

NA.  We hypothesized that Mn exposure alters GAT function as indicated by the 

attenuation of increased GABAEC concentrations in the presence of NA.  Results from the 

microdialysis experiment indicate that this is indeed the case.  NA in the striatum of 

control rats caused a 228% increase in GABAEC; however, in Mn-exposed rats NA only 

increased GABAEC by 43%.  The use of NA in the current study identifies GAT as a 

target for Mn toxicity, and provides an explanation for the observed increase in GABAEC 

with Mn accumulation. Exactly how Mn regulates GAT function warrants further 

investigation; however, decreased GAT function may be regulated through protein kinase 
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C (PKC) activation.  Mn exposure has been shown to activate PKC in N27 

mesenchephalic cells (Latchoumycandane et al., 2005), and PKC activation has been 

demonstrated to decrease 3H-GABA transport by GAT (Sato et al., 1995).  Moreover, 

phosphorylation of GAT-1 via PKC (Mandela and Ordway, 2006) may lead to 

internalization of GABA transporters (Gadea and Lopez-Colome, 2001).  This could 

explain why Anderson et al. (2008) found increased GABAEC despite no decrease in 

GAT-1 protein levels (as detected by western blot analysis which would measure both 

plasma membrane and internalized GAT-1 levels).  It is also possible that Mn may alter 

some sort of feedback mechanism such as an autoreceptor (e.g., GABAB or GABAA).  

Being that taurine is a known modulator of GABA receptors (del Olmo et al., 2000; 

Kamisaki et al., 1993; Jia et al., 2008; Namima et al., 1982, 1983), perturbations in 

taurine biology may play a role in GABA homeostasis.         

 A novel finding from our study was that control rats responded to cessation of NA 

with a 10-fold increase of TauEC in the striatum, an effect that was absent in the Mn-

exposed rats.    Changes in TauEC coincided inversely with alterations in GABA (Figure 

1A, B), presumably due to its role in osmoregulation.  These results suggest that 

alterations in GABA uptake may dictate taurine release due to a hyperosmotic 

environment.  Alternatively, the 10-fold increase in taurine after removal of NA may be a 

compensatory response to help decrease GABAEC concentrations.  Taurine binding to 

GABAA receptors (del Olmo et al., 2000; Jia et al., 2008) and GABAB autoreceptors 

(Kamisaki et al., 1993; Namima et al., 1982, 1983), may help to regulate GABA release.  

Enhanced taurine efflux observed in control animals after NA administration could 

functionally decrease GABA release by activating GABAA and GABAB receptors 
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thereby normalizing GABAEC.  Additionally, there is evidence that NA activates 

GABAA-like ion channels (Barrett-Jolley, 2001).  Taurine efflux may be an adaptive 

response to facilitate GABAA activation compensating for the loss of inhibitory tone due 

to NA cessation. Whether the taurine response observed in the control rats is due to its 

role in regulating striatal neurochemistry or through a secondary osmoregulatory effect, 

the lack of this response in the Mn-exposed rats may have profound consequences (See 

Figure 4).   

 Because Mn alters GAT function and GAT transport proteins are in the solute 

carrier protein family Slc6 (shared by the taurine transporter, Slc6a6), it is reasonable to 

assume that Mn may influence taurine movement by altering the function of the taurine 

transporter. In cultured astrocytes we measured 3H-Taurine uptake and found that while 

Mn initially decreased taurine uptake by 30%, it was followed by a significant 219% 

increase in uptake before normalizing to control levels (Figure 2). Uptake of 3H-Taurine 

in control cells remained consistent around 0.4 pmol/mg protein at each time-point, 

suggesting that fluctuations in taurine uptake in vitro is probably due to osmoregulation 

or altered transporter kinetics.  Taurine transporter Slc6a6 mRNA levels were not altered 

in cultured astrocytes exposed to 100 or 300 µM Mn.  Similar results were found by 

Erikson and Aschner (2002), with Slc6a6 expression significantly increasing in astrocytes 

only when exposed to 500 µM Mn.  It is important, however, to remember that taurine 

transport may also occur via volume-sensitive organic osmolyte anion channels (VSOAC) 

(Mongin et al., 1999).  VSOACs allow the transport of Na+, K+, Cl-, and organic 

osmolytes (e.g. taurine) under conditions of cell shrinkage or swelling (Lang, 2007).  

Without directly inhibiting Slc6a6, controlling osmolarity, and taking into account Cl- 
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influx due to GABAA activation we cannot confirm the functionality of Slc6a6 in the 

presence of Mn. Interestingly, Slc6a6 mRNA levels are increased in the striatum of Mn 

exposed rats, compared to control (Figure 3).  The contradiction of in vivo and in vitro 

Slc6a6 expression may be a product of chronic (6 week) exposure to Mn in vivo versus 

acute (24 hr) exposure in vitro.  Additionally, Slc6a6 gene expression is increased in the 

absence of sufficient taurine, and decreased when taurine is in excess (Bitoun and Tappaz, 

2000; Lambert, 2004).  Therefore, it is likely that altered taurine homeostasis in the 

striatum due to Mn exposure influences striatal Slc6a6 expression similarly.   

 Collectively, our data show that the GABAEC and TauEC are indeed influenced by 

Mn accumulation and altered GAT function.  Moreover, Mn virtually abolished TauEC 

and dramatically blunted the taurine rebound observed during the post NA recovery 

period (Figures 2B and 4), indicating a serious disconnect in taurine homeostasis in the 

Mn-exposed rat striatum.    Moving forward, it is essential to understand the effect of Mn 

toxicity on taurine movement in the brain.  Characterizing the role of Mn on GABA and 

taurine may help depict the multifaceted etiology of Mn neurotoxicity, and provide 

insight into some of the behavioral changes observed with Mn accumulation. 
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Table 1:  
Brain tissue and extracellular metal concentrations – Compartmental metal concentrations 
represented in the striatum of Mn exposed rats.  Extracellular metal concentrations represent Mn and Fe 
levels measured in microdialysate fractions of extracellular fluid collected from the rat striatum (n=4).  
Striatal Mn, Fe, and Cu levels represent metal concentrations of brain tissue (n=6).  The Fe:Mn ratio 
depicts metal homeostasis changes due to Mn accumulation.  A significant increase in extracellular Mn 
accompanied by significant decreases in both Fe levels and the Fe:Mn ratio were observed in rats exposed 
to Mn treatment.  No significant changes in tissue Fe levels were observed; however, a significant 
reduction in the Fe:Mn ratio indicates altered metal homeostasis.  
* = p<0.05, ‡ = p≤0.001 versus control according to paired-sample t-test analysis. 
 
Figure 1.   
Extracellular Amino Acids Concentrations – Microdialysate fractions from the striatum of 
control (n=4) and Mn-exposed (n=4) rats were analyzed for taurine, GABA, and glycine concentrations at 
baseline, 60 minutes, and 120 minutes. Nipecotic Acid (NA) was administered prior to the 60-minute time-
point.  Graph values are expressed as percent change ± SEM; inset data are µM concentrations ± SEM.  A) 
Baseline concentrations of each amino acid at onset of sample collection (0 Min) in both control and Mn-
exposed rats.  Percent change in amino acid concentration was calculated from baseline (100%) to post-NA 
administration, then post-NA to 120-minute recovery period for B) Taurine, C) GABA, and D) Glycine to 
observe the effect of Mn on extracellular amino acid levels.  Superscript letters denote significant within-
group differences (bars with different letters are significantly different from one another, bars that share a 
letter are not significant from one another), while * denote significance between groups.  
a, b, c, and * = p<0.05 via independent samples t-test within or between groups. 
 
Figure 2.   
3H-Taurine Uptake in Primary Astrocytes – Primary astrocytes, seeded 2x10 5 in 6-well plates 
(n=6) then grown to confluence, were cultured with either Mn-treated (300 µM MnCl2) or control media.  
After 24hrs cultures were exposed to 3H-Taurine for 1, 3, or 6 minutes and analyzed for 3H-Taurine 
retention.  The inset represents percent change in uptake due to Mn exposure expressed as percent control ± 
SEM. A significant (p = 0.034) increase in 3H-Taurine uptake was observed after 3mins of exposure in the 
Mn treated astrocytes versus control.  
* = p<0.05 via independent samples t-test between Mn and control treatment groups at each time-point.  
 
Figure 3.   
Taurine Transporter, Slc6a6, mRNA Levels – Quantitative RT-PCR results for taurine 
transporter, Slc6a6, in Mn exposed astrocytes (n=6) and the striatum of Mn exposed rats (n=6).  Values are 
expressed as percent control ± SEM, with control values representing no Mn exposure.  Minimal alterations 
in Slc6a6 levels were observed in astrocytes treated with either 100 or 300 µM MnCl2.  Mn exposure did, 
however, significantly increase Slc6a6 mRNA levels within the caudate putamen, versus matched control 
animals.  
* = p<0.05 via independent samples T-Test between Mn and control treatment groups.  
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Figure 4. 
Working Model for Mn-induced GABA and Taurine Alterations – The dynamic shifts in 
neurotransmitter concentrations observed in response to nipecotic acid (NA) (panels A, B, and C) are 
mitigated by Mn (panels D, E, and F).  We hypothesize this lack of response in Mn-exposed rats is driven 
by decreased GABA transporter (GAT-1) function.  (A) The control panel displays GABAEC and TauEC 
under normal conditions, representing baseline microdialysis measurements. All percent change (% change) 
comparisons in subsequent panels are based on the % change from baseline levels, represented in the 
control panel.   Under normal conditions GABAEC binds to GABAA receptors (GABAA-R) allowing 
chloride ion (Cl2-) movement for inhibitory hyperpolarization of postsynaptic neurons, while presynaptic 
binding to GABAB-receptors (GABAB-R) regulates GABA release (Kamisaki et al., 1993) through slow G-
protein-linked inhibitory tone via GABAB activation (Chen and van den Pol, 1998).  GAT-1 functions 
normally to clear excess GABA from the synapse as TauEC modulates pre- and post-synaptic transmission 
(Namima et al., 1982; 1983).  (B) Administration of NA, a GAT specific inhibitor, blocks GABA reuptake 
substantially increasing GABAEC while decreasing TauEC.  Additionally, NA activates GABAA-like Cl2- 
channels (Barrett-Jolley, 2001) in addition to GAT binding, increasing the pre- and post-synaptic inhibitory 
tone.  (C) Upon removal of the NA, GABAEC returns to normal; however, a 10-fold increase in TauEC 
ensues.  We speculate that the taurine efflux is a compensatory response to regulate GABA release through 
GABAB activation (Chen and van den Pol, 1998). Elevated TauEC may also function to stabilize the 
inhibitory tone achieved in the striatum due to increased GABAA activation (del Olmo et al., 2000; Jia et al., 
2008).  TauEC slowly returns to control levels over the next two hours (data not shown), indicating the acute 
nature of this response.  (D) During Mn-exposure, GABAB expression is decreased (Anderson et al., 2008) 
and GABA reuptake via GAT-1 is attenuated, resulting in higher GABAEC and lower TauEC (Figure 1B and 
C) compared to control.  We hypothesize that this alteration in GAT-1 function is regulated by Mn 
activation of protein kinase C (PKC) (Latchoumycandane et al., 2005) causing phosphorylation of GAT-1 
and subsequent internalization (Gadea and Lopez-Colome, 2001).  This internalization decreases synaptic 
density of GAT-1 and attenuates GABA reuptake. Additionally, decreased GABAB expression alters auto-
receptor feedback resulting in significantly higher GABAEC compared to normal conditions.  (E) Mn 
exposure significantly attenuates the effects of NA, potentially via decreased synaptic availability of GAT-
1.  The attenuated rise in GABAEC coupled with decreased auto-receptor expression results in less GABAA 
and GABAB activation leading to reduced inhibitory tone compared to control.  (F) Removal of NA in Mn-
exposed rats led to GABAEC returning to pre-NA levels (Panel D); however, the taurine efflux was absent 
compared to control (refer to Figure 1B).   We interpret the dramatically decreased taurine efflux observed 
with Mn exposure as a function of altered auto-receptor biology (Anderson et al., 2008).  Altered feedback 
regulation in conjunction with a modest rise (40%) in GABAEC, compared to the normal feedback 
regulation and significant rise (228%) in GABAEC observed in control rats, leads to an uncoupling of the 
taurine efflux response due to Mn-exposure.  Our studies suggest that Mn exposure disrupts extracellular 
conditions within the striatum, altering neurochemical coordination with other brain regions.  Elucidating 
the mechanism involved in this response will further the development of pharmacological therapies aimed 
at susceptible populations.            
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Table 1:  Brain tissue and extracellular metal concentrations     

Extracellular (µM) Ratio
Mn Fe Cu   Fe:Mn 

Control 0.023 ± 0.006  4.071 ± 0.510 - 5044:1 

Manganese   0.104 ± 0.030*    1.526 ± 0.304‡ -   137:1*

Striatum (nmol/mg Protein) Ratio
Mn Fe Cu   Fe:Mn 

Control 0.185 ± 0.029  3.896 ± 0.106 0.793 ± 0.085 25:1  

Manganese   0.477 ± 0.059‡  3.329 ± 0.407 0.975 ± 0.089   9:1* 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Abstract 
 

Labeling proteins with fluorescent dyes offers a powerful tool for monitoring 

protein interactions in vitro and in vivo. The nature of the dye -- its absorbance and 

emission properties; solution stability; pH range; and mechanisms for protein interaction 

-- must be considered. Two new asymmetric, squarylium dyes, bis-SQHN-4d and SQHN-

3c, were shown to be only weakly fluorescent in aqueous buffers in the absence of 

proteins.  However, their spectra showed a dramatic increase in fluorescence intensity 

upon the addition of human serum albumin (HSA) or bovine serum albumin (BSA) as 

model proteins. The enhanced fluorescence properties, attributed to noncovalent binding, 

allowed the use of the new squarylium dyes as probes for the low-level detection of 

proteins in a mixture (including myoglobin (pI=7.16), transferrin (pI=5.9), and HSA 

(pI=4.8)), separated by CE-LIF. Because of the low background fluorescence of these 

probes, on-column labeling was used for simple and rapid protein detection, and this 

labeling protocol offered greater sensitivity (with a 10-fold lower limit of detection for 

HSA with bis-SQHN-4d) than the more conventional pre-column labeling protocol. With 

a limit of detection for HSA (by CE-LIF with on-column labeling) of 3.42 x 10-8 M with 

bis-SQHN-4d, this dye seems ideally suited to the development of other protein assays. 

1. Introduction 

The implication of proteins in various biological functions and as markers of 

various states of disease provides the impetus for developing improved protein assays. 

Various techniques, including two-dimensional polyacrylamide gel electrophoresis 

(PAGE) [1], high-performance liquid chromatography (HPLC) [2,3], and mass 

spectrometry [4], have been successfully employed for protein analysis. Alternatively, 
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fluorescence-based methods have been shown to be some of the most sensitive methods 

for protein analysis [5]. By combining the sensitivity and selectivity of laser-induced 

fluorescence (LIF) detection with the high efficiency and speed of capillary 

electrophoresis (CE) separations of proteins, many have shown the utility of this system 

for protein analysis [6-13]. However, since just a small number of proteins possess 

natural fluorescence in a suitable spectral range (beyond UV), CE-LIF requires protein 

analytes to be labeled with a fluorescent tag or dye. Covalent labeling (e.g. via the ɛ-

amino group of lysine, the α-amino group of the N-terminus, or the thiol group of a 

cysteine residue) often necessitates increased sample preparation, and may be difficult to 

achieve with very dilute samples. Instead, noncovalent dye–protein interactions can be 

exploited to facilitate protein determination by CE–LIF. Noncovalent labeling can occur 

by way of a variety of physical mechanisms, including hydrophobic interactions, 

electrostatic interactions and hydrogen bonding. The exact nature of these interactions is 

often difficult to determine, but evidence of interaction is clearly provided by a change in 

the emission (wavelength and/or intensity) of the fluorophore–protein complex relative to 

that of the free, uncomplexed fluorophore, which can be easily monitored by fluorimetric 

studies [8]. 

 Squarylium dye molecules are polymethine dyes with a cyclobutene core in the 

middle of the p-conjugation systems. These dyes and their derivatives are gaining 

significant interest in many fields such as solar-energy conversion [9], biochemical 

labeling [10], chromo/fluorogenic probes [11], and neutral molecule recognition [12]. 

The properties of squarylium dye molecules have been extensively studied by Law et al 

[13]. Typically, they exhibit a characteristically intense absorption band in the range of 
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640–850 nm [14]. Nakazumi et al. showed that squarylium dyes enhance the fluorescence 

emission upon binding to BSA and HSA [15].   By modifying the structure of the 

molecule, it is possible to design different kinds of squarylium dyes that will function in 

specific media or exhibit enhanced selectivity and sensitivity for specific analytes, such 

as the two squarylium dyes shown in Figure 1; they exhibit different selectivity and 

sensitivity for protein labeling because of the structure difference. 

The aim of the current work is to determine the effect of solution conditions on 

the nature of protein-dye interactions, the emission properties of the two novel 

squarylium dyes in bound and free states, and the efficiency of the separation of dye-

labeled proteins.  As such, the absorbance and emission properties of the new dyes in a 

variety of solvents and aqueous buffers at different pHs were determined prior to titration 

of fixed quantities of the dyes with model proteins human serum albumin (HSA) or 

bovine serum albumin (BSA).  An investigation of aggregation effects along with 

protein-dye incubation time and solution age was conducted. Finally, the utility of the 

new dyes bis-SQHN-4d and SQHN-3c as noncovalent protein probes was explored by 

designing and quantifying pre-column and on-column labeling protocols for CE-LIF.  

2 Materials and methods 

2.1 Reagents, buffers, and sample solutions 

3-((Z)-4-((2'-((E)-(1-Butyl-3,3-dimethylindolin-2-ylidene)methyl)-3,3',4,4'-

tetraoxo-[1,1'-bi(cyclobutane)]-1,1'-dien-2-yl)methylene)quinolin-1(4H)-yl)propanoic 

acid (bis-SQHN-4d) and (Z)-4-((5-carboxy-1-ethyl-3,3-dimethyl-3H-indol-1-ium-2-

yl)methylene)-2-(4-(diethylamino)-2-hydroxyphenyl)-3-oxocyclobut-1-enolate (SQHN-

3c) dyes (Fig. 1) were synthesized by modifying previously published procedures by 
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Nakazumi and co-workers [16,17].  The solid dyes are stable in the dark at room 

temperature for several months or longer. A 1.70 x 10-4 M stock solution of bis-SQHN-4d 

was prepared in dimethylformamide (DMF, Fisher, Fair Lawn, NJ, USA) and 

subsequently diluted in HPLC- grade methanol (G.J. Chemical Company, Newark, NJ, 

USA) to the desired concentration (1.00 or 5.00 µM) just prior to use. A 1.30 x 10-4 M 

stock solution of SQHN-3c was prepared in dimethyl sulfoxide (DMSO, Fisher, Fair 

Lawn, NJ, USA) and subsequently diluted to a working solution of 5.00 x 10-6 M in 

DMSO just prior to use.  Dye stock solutions were stored in the dark at 4˚C when not in 

use.  Proteins were used as received from Sigma-Aldrich (St. Louis, MO, USA) and 

prepared as stock solutions in water to the specified concentrations:  human serum 

albumin ( HSA, 96%, pI 4.8,  1.00 x 10-4 M); bovine serum albumin(BSA, 98%, pI 4.9, 

1.00 x 10-4 M); myoglobin (from horse heart, 90%, pI 7.16, 2.00 x 10-4 M); trypsinogen 

(from bovine pancreas, 98%, pI 9.3, 1.00 x 10-4 M); transferrin (human, 98%, pI 5.9, 3.83 

x 10-5 M). Protein solutions were stored at 4˚C in the dark when not in use.  Pre-column 

mixtures of protein with dye were prepared by combining the proper volumes of dye and 

protein stock solutions, diluted with water or buffer prior to analysis.   

Buffers for sample dilution and/or CE separation were prepared from citric acid 

(Mallinckrodt, St. Louis, MO, USA), tris(hydroxymethyl)aminomethane (tris, 

Mallinckrodt); boric acid (J.T. Baker, Phillipsburg, NJ, USA); or disodium phosphate 

(Fisher Scientific, Fair Lawn, NJ, USA). Buffers were prepared by dissolving the correct 

amount of reagent in MilliQ distilled, deionized water (Millipore, Bedford, MA, USA) 

and adjusting the pH by the addition of either 1 M NaOH or 1 M HCl (Fisher, Pittsburgh, 
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PA, USA). Before use, buffers were filtered through 0.2 µm nylon syringe filters 

(Corning, NY, USA).  

2.2 Instrumentation 

An Agilent HP3DCE system (Waldbronn, Germany) was used for the 

electrophoretic separations of protein mixtures labeled on-column and pre-column with 

bis-SQHN-4d. The instrument was coupled with an external Picometrics Zeta LIF 

detector (model: LIF SA-03, Ramonville, France) equipped with a Melles Griot 230 kV, 

406 nm diode laser. Uncoated, fused-silica capillaries were purchased from Polymicro 

Technologies (Phoenix, AZ, USA), and were 75 µm x 75 cm x 62.5cm or  50 µm x 75 

cm x 62.5 cm (ID x total length x effective length). The new capillary was conditioned 

for 10 min using purified water, 20 min using 1 M sodium hydroxide, then 10 min using 

purified water, and finally 20 min using the running buffer. Between each run, the 

capillary was rinsed with the running buffer for 3 min. Injections were by pressure at 50 

mbar for 5 s. The applied separation voltage was 20 kV, and the temperature of the 

capillary and sample was held constant at 20oC.  

A BioRad Bifocus 3000 CE system (Hercules, CA, USA) with an LIF detector 

equipped with a 650 nm external diode laser (OZ Optics, Carp, Canada) and a 664 nm 

DF20 emission filter (Omega Optical, Brattleboro, VT, USA) was used for the 

electrophoretic separations of protein mixtures labeled on-column and pre-column with 

SQHN-3c. Unless otherwise noted, uncoated, fused silica capillaries (25 µm ID x 30.0 

cm total length x 25.4 cm effective length) were used and were stored overnight, when 

not in use, filled with water; and a separation voltage of 20 kV with 4 psi*sec injection 
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was also employed.  Between each run, the capillary was rinsed with purified water for 

two minutes, then running buffer for 2 min.  

A Perkin-Elmer LS50B Luminescence Spectrometer (Shelton, CT, USA) was 

used for fluorimetric studies. For bis-SQHN-4d, excitation and emission slit widths were 

10 nm; scan speed was 300 nm/min; and scan range was from 425 to 725 nm. For SQHN-

3c, excitation and emission slit widths were 5 nm; scan speed was 100 nm/min; and scan 

range was from 640 to 750 nm. Fluorescence spectra of dye and protein–dye solutions 

were measured using a 1-cm quartz cuvette (VWR, Suwanee, GA, USA). 

Absorbance studies for both dyes were conducted over a scan range of 190-900 

nm using a Hewlett-Packard HP8453 UV–Vis spectrometer (Waldbronn, Germany) and a 

1-cm quartz cuvette. 

3. Results and discussion 

3.1 Spectral properties of bis-SQHN-4d and SQHN-3c alone and with added protein 

Spectral properties of the novel squarylium dyes (7.00 x 10-6 M bis-SQHN-4d or 

7.50 x 10-6 M SQHN-3c) were determined under various solution conditions in order to 

assess their suitability as fluorescent probes for proteins. A summary of absorbance and 

emission properties for the dyes, both with and without added protein, is presented in 

Table 1. The absorbance of bis-SQHN-4d in aqueous buffer solutions was slightly red-

shifted relative to their values in methanol except that it was slightly blue shifted at the 

lowest wavelength around 218 nm. The absorbance of SQHN-3c in aqueous buffer 

solutions was slightly blue shifted, except in citric acid buffer where the absorbance was 

slightly red shifted.  Of great interest is the pronounced change in the spectrum of SQHN-

3c upon the addition of protein in citrate buffer. The dye alone in this acidic medium was 
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a very weak absorber and did not resemble the spectral behavior in tris or borate, but 

upon the addition of HSA, SQHN-3c demonstrated spectral features similar to those 

observed for the dye (with protein) in tris and borate buffers. This very pronounced 

change in absorbance properties of SQHN-3c in acidic buffer upon the addition of protein 

suggests that suitable optical filters could resolve bound and free forms of the dye under 

these solution conditions.   SQHN-3c also had its most intense band at the longest 

wavelength absorbance when compared to bis-SQHN-4d.  Bis-SQHN-4d did have a 

slightly longer absorbance band than SQHN-3c, however this is not the most intense band 

and its use for analysis may reduce sensitivity.  These longer wavelength absorbances can 

be beneficial because absorbances at longer wavelengths, in general, allow the optical 

detection to be shifted away from the region of native protein absorbance bands, therefore 

reducing interference from the bands with the absorbance signal of the dye:protein 

complex.  This reduces background and in turn can be beneficial in improving detection 

limits.   

There are four absorbance bands in methanol and in aqueous buffered solutions 

for bis-SQHN-4d dye.  The band around 420 nm was the strongest and is reported in 

Table 1.  Since the absorbance band just above 400 nm for bis-SQHN-4d was the most 

intense in all solvents, and since we have access to a 406 nm laser for excitation of 

solution species in our CE-LIF system, we recorded fluorescence emission spectra for 

bis-SQHN-4d with and without added protein after excitation at 410 nm. In Na2HPO4 

buffer (pH 11.3, 25.0 mM), the fluorescence emission of bis-SQHN-4d alone was very 

weak with a maximum at 475 nm, when an equimolar quantity of BSA was added, the 

fluorescence emission was very strong with a maximum at 620 nm. It should be noted 
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that there was a substantial increase (96%) in the fluorescence emission for bis-SQHN-4d 

with BSA in Na2HPO4 buffer (pH 11.3, 25.0 mM) relative to the emission of the dye 

alone with no added protein in this same buffer system. No other increases of this 

magnitude were observed for other buffer systems which indicated that the interaction of 

bis-SQHN-4d with BSA is significantly affected by the pH of the solution.  At pH 11.3, 

both the dye and protein are predicted to be negatively charged, and so electrostatic 

repulsion would suggest an unfavorable condition for interaction at this pH.  One possible 

explanation for the positive interaction is changes in structure or properties of the dye 

(since the dye color in Na2HPO4 buffer at pH 11.3 is light purple, but it is blue in other 

buffers) that result in the dye labeling more easily.  A second possible reason could be 

that even though there was no electrostatic interaction, other interactions (i.e. 

hydrophobic interactions, hydrogen bonds and van der Waals forces) between dye-

proteins may still exist.  This could subsequently affect the noncovalent interactions 

between dye and proteins as reflected in changes in fluorescence, causing a more 

significant enhancement in fluorescence to be observed.  For SQHN-3c, there was no 

fluorescence enhancement upon addition of BSA in the phosphate buffer (pH 11.3, 25.0 

mM), however, there was a fluorescence enhancement upon the addition of BSA for all 

other buffers, with the enhancement in the citric acid buffer the most significant.  In the 

citric acid buffer (pH 3.1, 25.0 mM) the fluorescence emission of SQHN-3c alone was 

the weakest, however, upon the addition of BSA the fluorescence emission was strong 

with a substantial 96% increase in signal relative to the emission of SQHN-3c alone.  In 

the borate and tris buffers there were 89% and 58% increases in signal, respectively.  

While these increases are not as significant as in the citric acid buffer, this does 
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demonstrate that the binding of SQHN-3c with protein is not as pH dependent as the 

binding of bis-SQHN-4d with protein. 

To further explore the nature of bis-SQHN-4d−BSA interactions, a fixed 

concentration (7.00 x 10-7 M) of dye was titrated with increasing concentrations of BSA 

to achieve dye:protein ratios ranging from 1:0 to 1:30 in the Na2HPO4 buffer (pH 11.3).  

The enhancement of fluorescence continuously increased with increasing concentration 

of added protein up to 2.10 x 10-5 M added protein. The determination coefficient 

demonstrated the linearity over the range of 0-1.00 x 10-5 M BSA with a regression 

equation as follows: y= 402187x  (r2 = 0.991). However, the addition of BSA to the fixed 

concentration of bis-SQHN-4d (up to a 30-fold excess of protein relative to dye) did not 

result in proportional increases in fluorescence. This would indicate a saturation, whereby 

all available dye molecules were bound by protein and so the addition of still more 

protein could not significantly alter the emission properties of the mixture. 

3.2 Stability of dye and dye-protein mixture in Na2HPO4 buffer (pH 11.3). 

Since the stability of most dyes in aqueous solution is poor [18], we investigated 

the effect of age of both the dye solution and the dye-protein mixture in Na2HPO4 buffer 

on fluorescence for bis-SQHN-4d. Stability of bis-SQHN-4d (1.00 x 10-6 M) and bis-

SQHN-4d (1.00 x 10-6 M) - HSA (1.00 x 10-5 M) complex solution was analyzed by CE-

LIF. The fluorescence of the dye peak in the resulting electropherograms remained the 

same after 48 hours, indicating a stable solution in Na2HPO4 buffer. Accordingly, the 

fluorescence of the dye-HSA peak in the resulting electropherograms kept increasing 

during the 48 hours, after 48 hours the resulting electropherograms remained almost the 

same. There was a substantial peak area increase (63%) in the fluorescence intensity for 



 
 
 
 

175 
 

bis-SQHN-4d with HSA in Na2HPO4 buffer (pH 11.3, 25.0 mM) after 24 hours relative 

to the fluorescence intensity of the dye with BSA within one hour in this same buffer 

system. 

The effect of age of the dye–protein mixture in citrate buffer (pH 3.1, 25 mM) on 

fluorescence for SQHN-3c was also investigated.  Stability of SQHN-3c (7.00 x 10-7 M) 

– BSA (7.00 x 10-7 M) complex solution was analyzed by fluorimetry.  The fluorescence 

of the complex peak in the resulting spectra rapidly reduced until 4 hours, after which 

time the signal was very weak.  There was a substantial decrease (30%) in fluorescence 

signal from time 0 to 10 minutes, and another substantial decrease (38%) from 10 

minutes to 15 minutes.  The most stable fluorescence seemed to be between 1 and 2 hours, 

however the strongest fluorescence signal was collected directly after mixing.   

3.3 CE-LIF Analysis of Protein-Dye Mixtures 

CE-LIF can be used analogously to fluorimetry to monitor changes in 

fluorescence emission of a dye upon titration with increasing concentrations of protein. In 

Fig. 2, a linear increase in peak height for BSA−SQHN-3c complex (linear regression 

reported in Table 2) is seen for increasing BSA concentration via on-column labeling.  In 

these experiments, the citric acid running buffer contained a fixed concentration of 

SQHN-3c dye (5.00 x 10-6 M), while injected protein samples (prepared in water) ranged 

in concentration from 0.625 x 10-6 M to 10.0 x 10-6 M. Peak shape degraded as protein 

concentration increased in this simple calibration study, presumably due to competitive 

equilibria between protein-dye binding and protein-protein interactions.  Reduced 

concentrations of injected protein should mitigate this problem; however, limits of 

detection for this particular dye/protein/buffer system need to be taken into consideration 
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(for a complete discussion of limits of detection, refer to Section 3.4).  It is possible to 

affect a change in CE-LIF signal for a given probe dye concentration by changing the 

protein analyte concentration, and indeed this forms the basis of any calibration 

procedure to enable the use of this technique as a quantitative tool for protein 

determination. However, as seen in Fig. 3, the amount of dye available for complexation 

can also affect the CE-LIF response, and it is therefore necessary to optimize the 

concentration of dye for any given analytical protocol.  In Fig. 3, on-column labeling of a 

given HSA sample (1.00 x 10-5 M) was conducted with three different concentrations of 

bis-SQHN-4d added to the Na2HPO4 buffer (pH 11.3, 25.0 mM).  As can be seen, when 

the HSA concentration is fixed at 1.00 x 10-5 M, the peak area of the complex increased 

when the bis-SQHN-4d dye concentration increased from 1.00 x 10-6 M to 5.00 x 10-6 M, 

but the peak area of the complex decreased when the dye concentration was further 

increased to 1.00 x 10-5 M (data not shown).  Thus, 5.00 x 10-6 M dye in running buffer 

was chosen for further on-column labeling studies to maximize dye–protein signal. 

Similarly, a study of optimal SQHN-3c dye concentration for on-column protein labeling 

revealed that 1.00 x 10-6 M SQHN-3c provided the best compromise between sensitivity 

towards added protein and minimal dye background signal.    

3.4 On-column vs. pre-column labeling protocols 

In the previous section, on-column, noncovalent protein labeling was employed. 

For noncovalent protein labeling, the commonly used modes are on-column and pre-

column labeling [19-21]. The mode of pre-column labeling involves mixing the protein 

and fluorophore together, prior to introduction of a discrete plug of the mixture at the 

inlet of a buffer-filled capillary.  On-column labeling, however, involves the injection of 
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a discrete plug of protein only into a capillary filled with buffer containing the dye. In 

this case, the dye concentration is essentially constant in the buffer throughout the 

capillary, and the equilibrium between the free dye and the protein-bound dye is readily 

established and maintained as the protein migrates through the capillary.  On-column 

labeling provides a simpler protocol with no sample pretreatment required, and typically 

offers an enhancement in sensitivity as demonstrated in previous work with related 

squarylium dyes [22].   

A comparative study was undertaken with bis-SQHN-4d, to determine which 

method is more effective for protein labeling and analysis in the present work.  Fig. 4 

shows electropherograms resulting from 1.00 x 10-5 M bis-SQHN-4d dye  pre-column 

labeling of two different concentrations of (1.00 x 10-6 M and 5.00 x 10-6 M) HSA (Fig. 

4(a) and (b)), and on-column labeling of 5.00 x 10-6 M HSA (Fig. 4(c)) in the Na2HPO4 

buffer (pH 11.3, 25.0 mM).  In Fig. 4(a) and (b), it can be seen that the protein−dye 

complex peak increased with increasing concentration of dye, due to the formation of 

additional complex. No peak is observed for free dye, presumably because an excess of 

protein in the sample ensured that all dye was present in its bound form. Any small 

amount of dye liberated by dissociation during the separation itself would have been 

insufficient to be detected as an independent peak given the lower fluorescence quantum 

yield of the free dye relative to the bound dye. A single peak for dye-protein complex 

was similarly observed in the electropherogram for the on-column labeling experiment 

(Fig. 4(c)). Any unbound dye in this instance would simply contribute to the baseline 

fluorescence signal rather than appear as a discrete peak, but again, the quantum yield of 

the unbound dye is lower than that of the bound dye and so background fluorescence in 
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the case of on-column labeling with bis-SQHN-4d is not likely to reduce the overall 

sensitivity of the method. It can be seen that the HSA−bis-SQHN-4d peak resulting from 

on-column labeling (Fig. 4(c)) is larger (by 51% in terms of peak area) than the 

comparable peak from pre-column labeling (Fig. 4(b)), which confirms the increased 

sensitivity achieved for on-column labeling in other work [22]. In addition, on-column 

labeling offers the advantage of reduced sample handling  The increase in migration time 

observed for the protein-dye complex peak in the on-column labeling experiment arises 

due to the presence of dye in the running buffer, which increases the ionic strength of the 

buffer, thus decreasing the overall electroosmotic mobility and concomitantly increasing 

the migration time.  

A similar comparative study of noncovalent, pre-column vs. on-column labeling 

of BSA with SQHN-3c was conducted by CE-LIF, and the resulting electropherograms 

are shown in Fig. 5.  In this instance, 5.00 x 10-6 M SQHN-3c dye  was used for on-

column labeling of two different concentrations of BSA (Fig. 5(a) 5.00 x 10-6 M and (b) 

1.25 x 10-6 M), and pre-column labeling of 50.0 x 10-6 M BSA (Fig. 5(c)) in a 25.0 mM 

citric acid buffer system (pH 3.4).  Analogous to the studies with bis-SQHN-4d, on-

column labeling with SQHN-3c resulted in a 5400% (55X) increase in peak area (or an 

approximately 10X increase in peak height) relative to pre-column labeling, which 

confirms the increased sensitivity achieved for on-column labeling in other work [22].   

In Fig. 5 (c) it can be seen that a single peak for the protein-dye complex was observed.  

No peak is observed for free dye, presumably because an excess of protein in the sample 

ensured that all dye was present in its bound form. Any small amount of dye liberated by 

dissociation during the separation itself would have been insufficient to be detected as an 
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independent peak given the lower fluorescence quantum yield of the free dye relative to 

the bound dye.  In Fig. 5(a) and (b), it can be seen that the protein−dye complex peak 

increased with increasing concentration of dye, due to the formation of additional 

complex. A single peak for dye-protein complex was similarly observed in the 

electropherogram for the on-column labeling experiments (Fig. 5(a) and (b)). As for bis-

SQHN-4d, any unbound dye in this instance would simply contribute to the baseline 

fluorescence signal rather than appear as a discrete peak, but, again, the quantum yield of 

the unbound dye is lower than that of the bound dye and so background fluorescence in 

the case of on-column labeling with SQHN-3c is not likely to reduce the overall 

sensitivity of the method.   Also, as in the case of bis-SQHN-4d, the increase in migration 

time observed for the protein-dye complex peak in the on-column labeling experiment 

arises due to the presence of dye in the running buffer, which increases the ionic strength 

of the buffer, thus decreasing the overall electroosmotic mobility and concomitantly 

increasing the migration time.  

A quantitative comparison of sensitivity differences between on-column and pre-

column labeling methods was conducted. In this work, the limit of detection (LOD) was 

calculated as 3s/m, where s is the standard deviation of the baseline signal, found from 

1/5 of the peak-to-peak noise of a blank signal, and m is the slope or sensitivity of a 

calibration curve constructed from peak height versus injected protein concentration. The 

LODs for pre-column and on-column labeling of HSA with bis-SQHN-4d and on-column 

labeling of BSA with SQHN-3c are reported in Table 2. As can be seen, the LOD for pre-

column labeling with bis-SQHN-4d is almost an order of magnitude higher (worse) than 

that for on-column labeling.  As the protein analyte migrates through a buffer filled 



 
 
 
 

180 
 

column in which the labeling dye is dissolved, the equilibrium between free and bound 

forms of the protein (dye + protein dye−protein) is driven towards the bound form by 

the presence of excess dye as a ‘reactant.’ Additionally, it can be seen that the LOD for 

HSA obtained with bis-SQHN-4d is about one order of magnitude lower than the LOD 

for BSA obtained with SQHN-3c, indicating that the former interacts more strongly with 

proteins, possibly through the kind of ‘clamshell’ interactions described in work by 

Patonay [23].   

3.5 Separations of protein mixtures 

A mixture containing three model proteins with different pIs including myoglobin 

(pI=7.16), transferrin (pI=5.9), and HSA (pI=4.8) was labeled on-column with bis-

SQHN-4d and fully resolved by CE-LIF, as shown in Fig. 6.  Trypsinogen was also 

labeled and resolved in additional experiments, although separation efficiency was not as 

high. A thorough study of separation parameters was undertaken, including capillary 

dimensions, injection times, cartridge temperatures, separation voltage, buffer 

composition and ionic strength.  Fig. 6(a) shows the electropherogram of on-column 

labeling of protein mixture using 5.00 x 10-6 M bis-SQHN-4d in 25.0 mM phosphate 

buffer (pH 11.53).   As can be seen in Fig. 6, under the same separation conditions, higher 

separation efficiency was obtained using a 50 µm ID capillary (Fig. 6(b)) than 75µm ID 

capillary (Fig. 6(a)).     

Unfortunately, similar conditions did not yield successful protein separations 

employing SQHN-3c as the labeling probe. The lower sensitivities achieved with SQHN-

3c may have been a contributing factor; or, perhaps SQHN-3c interacted more strongly 

with charge sites on the inside capillary wall and so separation and labeling efficiencies 
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were reduced relative to the work with bis-SQHN-4d. It is interesting to note that at the 

high pH (11.53) employed for the on-column labeling and separation of the mixture of 

model proteins in this work, all proteins would be negatively charged, as would be the 

squarylium dyes (due to the deprotonation of the pendant carboxylic acid group on each 

dye), and so pure electrostatic interactions alone would not favor noncovalent binding. 

This would imply that other interactions such as hydrophobic interactions, hydrogen 

bonds and van der Waals forces (i.e. Dipole-dipole bonds) are critical to dye-protein 

binding, as confirmed in previous work [18]. 

4. Conclusions 

The spectral properties of two novel squarylium dyes, bis-SQHN-4d and SQHN-

3c, were explored under a variety of solutions in order to determine the best conditions 

for noncovalent protein labeling and analysis by CE-LIF.  Although these dyes are not 

water soluble, stable stock solutions can be prepared in organic solvents and subsequently 

diluted to the appropriate working concentration just prior to use with aqueous buffer.  

By maintaining up to 4% organic content in the final diluted dye solutions, the resulting 

signal from interaction with proteins was stable and directly proportional to protein 

concentration.  In particular, bis-SQHN-4d shows great potential as a noncovalent label 

for a wide range of proteins, and the enhanced detection sensitivity observed for this dye 

with on-column labeling protocols also bodes well for its promise as a protein probe. On-

column labeling methods have the advantage of reduced sample handling (and thus lower 

risk of contamination or loss). Sample derivatization prior to injection typically 

necessitates larger sample sizes (to ensure proper mixing of reagents and a complete 

reaction) than does any given CE-LIF injection, and sample derivatization prior to 
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injection often results in sample dilution, thus impinging on detection limits. However, 

on-column, noncovalent protein labeling as described herein, obviates the need for 

sample derivatization prior to injection, which holds much promise for analytical method 

development for clinical, forensic, and environmental samples. By combining the high 

resolving power of CE with the sensitivity of LIF detection and the convenience of on-

column labeling, applications for novel, asymmetric squarylium dyes as protein probes 

are expected to grow. 
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Table 1. Absorbance properties for 7.00 x 10-6 M bis-SQHN-4d and 7.00 x 10-6 M 
SQHN-3c in various solvent systems.  Fluorescence properties for 7.00 x 10-6 M bis-
SQHN-4d and 7.00 x 10-7 M SQHN-3c in various solvent systems.   
 
Table 2. LOD of HSA labeled pre-column and on-column for bis-SQHN-4d and BSA 
labeled on-column for SQHN-3c, analyzed by CE-LIF. 
 
Figure 1.  (a) bis-SQHN-4d and (b) SQHN-3c structures  
 
Figure 2. Electropherograms of BSA samples of various concentrations labeled with a 
5.00 x 10-6 M solution of SQHN-3c by on-column method.  Concentrations of BSA as 
follows: (a) 10.0 x 10-6 M; (b) 5.00 x 10-6 M; (c) 2.50 x 10-6 M; (d) 1.25 x 10-6 M; (e) 
6.25 x 10-7 M.  Electropherograms offset for clarity.  Capillary: 25 µm ID, 30.0 cm total 
length and 25.4 cm effective length; injection was by pressure (4 psi*sec); separation 
voltage was 20 kV; separation buffer was 25.0 mM citric (pH 3.4).   
 
Figure 3. Electropherograms of labeled 1.00 x 10-5 M HSA on-column with different 
concentrations of bis-SQHN-4d: (a) 1.00 x 10-5 M ; (b) 5.00 x 10-6 M; (c) 5.00 x 10-7 M.  
Electropherograms offset for clarity.  Capillary: 75 µm ID, 75 cm total length and 62.5 
cm effective length; capillary and sample temperatures were held at 25 oC, injection was 
by pressure (50mbr for 5s); separation voltage was 20 kV; separation buffer was 25.0 
mM phosphate buffer at pH 11.3.  
 
Figure 4. Electropherograms of 1.00 x 10-5 M bis-SQHN-4d labeled pre-column (a, b) 
after prepared for 24 hours and on-column (c) with HSA concentration: (a) 1.00 x 10-6 M; 
(b) 5.00 x 10-6 M; (c) 5.00 x 10-6 M.  Electropherograms offset for clarity.  Separation 
conditions as described in Figure 3. 
 
Figure  5.  Electropherograms of 5.00 x 10-6 M SQHN-3c labeled by on-column (a,b) and 
pre-column (c) with BSA concentrations as follows: (a) 5.00 x 10-6 M; (b) 1.25 x 10-6 M; 
(c) 50.0 x 10-6 M.  Electropherograms offset for clarity.  Separation conditions as 
described in Figure 2. 
 
Figure  6. Electropherogram of a mixture of proteins with different pIs labeled on-column 
with 5.00 x 10-6 M bis-SQHN-4d. Electropherograms offset for clarity.  (Ia) 1.00 x 10-5 M 
myoglobin (pI=7.16); (IIa) 5.00 x 10-6 M transferrin (pI=5.9);   (IIIa) 5.00 x 10-6 M HSA 
(pI=4.8).  (Ib) 6.70 x 10-5 M myoglobin (pI=7.16); (IIb) 3.30 x 10-5 M transferrin (pI=5.9);   
(IIIb) 4.00 x 10-6 M HSA (pI=4.8).  Separation conditions as described in Figure 3, except 
as follows: (a) 75µm ID capillary, 25 oC; (b) 50µm ID capillary, 15 oC.   
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Table 1. Absorbance properties for 7.00 x 10-6 M bis-SQHN-4d and 7.00 x 10-6 M 
SQHN-3c in various solvent systems.  Fluorescence properties for 7.00 x 10-6 M bis-
SQHN-4d and 7.00 x 10-7 M SQHN-3c in various solvent systems.   
 

Solvent or Buffer  7.00 x 10-6 M bis-SQHN-4d 
  no added protein  with 1.00 x 10-6 M BSA 

  λabs, max 
(nm)  λemis, max 

(nm)  λabs, max 
(nm)  λemis, max 

(nm) 
methanol 414  550  ---  --- 

citric acid (25.0 mM, pH 3.1) 421  470  421  470 
tris-HCl (25.0 mM, pH 7.4) 418  470  418  470 

boric acid (25.0 mM, pH 9.1) 424  470  424  470 
Na2HPO4 (25.0 mM, pH 11.3) 420  475  423  620 

        
 7.00 x 10-6/7.00 x 10-7 M SQHN-3c 
 no added protein  with 7.00 x 10-6 M BSA 

 λabs, max 
(nm)  λemis, max 

(nm)  λabs, max 
(nm)  λemis, max 

(nm)
methanol 640  650  ---  --- 

citric acid (25.0 mM, pH 3.1) 643  656  650  659 
tris-HCl (25.0 mM, pH 7.4) 634  655  643  655 

boric acid (25.0 mM, pH 9.1) 636  654  647  652 
Na2HPO4 (25.0 mM, pH 11.3) 634  651  637  651 
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Table 2. LOD of HSA labeled pre-column and on-column for bis-SQHN-4d and BSA 
labeled on-column for SQHN-3c, analyzed by CE-LIF. 
 

Dye Labeling 
Mode 

Linear Regression 
[protein concentration (M) 

vs. peak height] 

Correlation 
Coefficient 

Limit of 
Detection (M)

 
bis-SQHN-4d     

 on-column y =1.00 x 10-9x + 117 0.9998 3.42 x 10-8 
 pre-column y=2.93x + 2.00 0.9993 1.47 x 10-7 

SQHN-3c     

 on-column 
 

y =256000x – 118000 
 

0.9997 
 

0.216 x 10-6
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(a) MW 588.7 g/mol 
 
 

  
 

(b) MW 474.6 g/mol 
 

Figure 1.  (a) bis-SQHN-4d and (b) SQHN-3c structures 
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Figure 2. Electropherograms of BSA samples of various concentrations labeled with a 
5.00 x 10-6 M solution of SQHN-3c by on-column method.  Concentrations of BSA as 
follows: (a) 10.0 x 10-6 M; (b) 5.00 x 10-6 M; (c) 2.50 x 10-6 M; (d) 1.25 x 10-6 M; (e) 
6.25 x 10-7 M.  Electropherograms offset for clarity.  Capillary: 25 µm ID, 30.0 cm total 
length and 25.4 cm effective length; injection was by pressure (4 psi*sec); separation 
voltage was 20 kV; separation buffer was 25.0 mM citric (pH 3.4).   
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Figure 3. Electropherograms of labeled 1.00 x 10-5 M HSA on-column with different 
concentrations of bis-SQHN-4d: (a) 1.00 x 10-5 M ; (b) 5.00 x 10-6 M; (c) 5.00 x 10-7 M.  
Electropherograms offset for clarity.  Capillary: 75 µm ID, 75 cm total length and 62.5 
cm effective length; capillary and sample temperatures were held at 25 oC, injection was 
by pressure (50mbr for 5s); separation voltage was 20 kV; separation buffer was 25.0 
mM phosphate buffer at pH 11.3.  
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Figure 4. Electropherograms of 1.00 x 10-5 M bis-SQHN-4d labeled pre-column (a, b) 
after prepared for 24 hours and on-column (c) with HSA concentration: (a) 1.00 x 10-6 M; 
(b) 5.00 x 10-6 M; (c) 5.00 x 10-6 M.  Electropherograms offset for clarity.  Separation 
conditions as described in Figure 3.   
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Figure  5.  Electropherograms of 5.00 x 10-6 M SQHN-3c labeled by on-column (a,b) and 
pre-column (c) with BSA concentrations as follows: (a) 5.00 x 10-6 M; (b) 1.25 x 10-6 M; 
(c) 50.0 x 10-6 M.  Electropherograms offset for clarity.  Separation conditions as 
described in Figure 2. 
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Figure  6. Electropherogram of a mixture of proteins with different pIs labeled on-column 
with 5.00 x 10-6 M bis-SQHN-4d. Electropherograms offset for clarity.  (Ia) 1.00 x 10-5 M 
myoglobin (pI=7.16); (IIa) 5.00 x 10-6 M transferrin (pI=5.9);   (IIIa) 5.00 x 10-6 M HSA 
(pI=4.8).  (Ib) 6.70 x 10-5 M myoglobin (pI=7.16); (IIb) 3.30 x 10-5 M transferrin (pI=5.9);   
(IIIb) 4.00 x 10-6 M HSA (pI=4.8).  Separation conditions as described in Figure 3, except 
as follows: (a) 75µm ID capillary, 25 oC; (b) 50µm ID capillary, 15 oC.   
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BORONIC ACID PROBES AS GLYCOPROTEIN LABELS: A FLUOROMETRIC 

STUDY. 
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1 INTRODUCTION 
 
 Proteins found on the surfaces of whole cells, bacterial spores, and viral capsids 

can serve as accessible ‘handles’ by which the analytical chemist can manipulate the 

microorganism for separation and quantification purposes.  Capillary electrophoresis (CE) 

is a fast, sensitive, and high throughput technique that has been widely used for protein 

analysis1 and to a lesser extent, microbe analysis.2  Typically CE analysis of proteins is 

performed using absorbance detection.  However, laser-induced fluorescence (LIF) 

detection is an excellent option for biomolecule detection because of its lower 

background, increased sensitivity, and increased selectivity.  In most cases, LIF requires 

the analyte to be labeled with a fluorescent probe because the analyte may otherwise lack 

inherent natural fluorescence.  The interaction of fluorescent dyes with proteins is a 

valuable tool for the detection and quantification of those proteins.  Some selectivity can 

be gained based on the fluorescent dye’s structure and whether it contains any moieties 

that may selectively bind to specific analytes.  Binding studies conducted between 

fluorescent dyes and proteins can serve to quantify the affinity of the dye for the protein.  

Using these measurements, the strength of the interaction, and the nature of the 

interaction (e.g. noncovalent or covalent), can be determined.   

Binding studies involving two boronic acid-based probes, SQTM-BA1 and 

ANQW-BA1 (Table 1), and two proteins, hemagglutinin (HA) and bovine serum albumin 

(BSA), were conducted.  BSA is employed as a model protein.  HA is a glycoprotein 

exposed on the surface of Influenza A particles that mediates receptor-binding and 

membrane fusion by recognizing host proteins containing sialic acid on the surface and 
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then triggering viral and host membrane fusion, allowing viral RNA to enter the 

cytoplasm.3 The sugars present in HA are mannose, galactose, fucose, and glucosamine.4   

Boronic acid has been known to have a high affinity for diol-containing 

compounds such as glycoproteins.5  The formation of a cyclic boronate ester from a 

boronic acid and a diol is one of the strongest reversible functional group interactions in 

an aqueous environment and can be readily used for the construction of molecular 

receptors.5  The tight complexation between these two moieties has been used for the 

construction of saccharide sensors,6-13 carbohydrate sensors,8, 9, 11, 13 nucleotide and 

carbohydrate transporters,14-20 affinity ligands for the separation of carbohydrates and 

glycoproteins,21-26 and chromatographic materials.27  Boronic acid compounds have also 

shown potential as antibody mimics targeted on cell surface carbohydrates.28, 29  In 

designing sensors and labels for glycoproteins, boronic acids occupy a special place 

because of their strong functional group interaction with the diols that exist in 

glycoproteins.30  They also offer a key advantage of overcoming challenges of binding 

neutral species in aqueous media.31   

Boronic acids are Lewis acids and can react with water to go from the neutral 

trigonal form to the anionic tetrahedral form as seen in Figure 1.  The same is true for the 

boronate ester.  Because of this there are actually three different equilibrium constants to 

consider.  The first one relates to the conversion of the trigonal boronic acid to the 

trigonal ester.  The second one refers to the conversion of tetrahedral boronate to its ester 

component.  The last is the overall “average” binding strength regardless of the ionization 

state of the boron species (Figure 2).  This is the binding constant measured with 

spectroscopic methods like those used in this study.30 
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SQTM-BA1 and ANQW-BA1 are both novel probes with a boronic acid moiety.  

These probes should show stronger binding to HA (a glycoprotein) than to BSA, if the 

boronic acid−diol reaction is the primary mode of interaction, since proteins like BSA 

(which are lacking diol groups) should only have hydrophobic and/or electrostatic 

interactions with these probes.  Thus, the affinity of the boronic acid probes towards BSA 

and HA will be compared.  Determining the binding strength between these proteins and 

the boronic acid probes can help elucidate the next step in using these dyes for the 

detection of whole virus particles (especially those with known glycoprotein-rich capsids, 

such as the influenza virus) using CE-LIF. 

One advantage SQTM-BA1 offers is longer emission and excitation wavelengths 

than most boronic acid probes.30  It is a modified squarylium dye, and most squarylium 

dyes are near IR (NIR) dyes.  NIR dyes have advantages over traditional dyes.  

Background interference is low because few classes of molecules undergo electronic 

transitions in this low energy region.32  Photodecomposition is reduced in this region.  

The semiconductor diode lasers that are used with these dyes are cheaper than other 

lasers such as the Ar ion laser.33  These dyes can form nonfluorescent aggregates in 

aqueous solution,34 which may keep background fluorescence at a minimum until the 

aggregates are disrupted by binding of the dye to proteins or other analytes.  Also, there 

are few NIR dyes commercially available for covalent derivatization so SQTM-BA1 

could help to fill this gap.  The NIR wavelengths can penetrate the skin and tissues which 

suggests clinical diagnostic applications for these dyes.34, 35   

 The goal of this study was to compare two boronic acid probes as potential 

protein labels for subsequent use with intact virus determination by CE-LIF.  As such, we 
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conducted extensive fluorometric studies involving titration of two novel dyes, SQTM-

BA1 and ANQW-BA1, in various buffers with two model proteins, HA and bovine 

serum albumin (BSA).  The suitability of SQTM-BA1 as a label for BSA, though 

unexpected, was discovered.  It is hoped that these results will shed some light on the 

suitability of the probes for use as glycoprotein labels. 

2 MATERIALS AND METHODS 

2.1 Reagents, Buffers, and Sample Solutions 

          ANQW-BA1 was synthesized by Dr. Qian Wang at the University of South 

Carolina.  The light yellow solid was weighed out and dissolved in dimethylformamide 

(DMF) to a concentration of 2.00 x 10-4 M and was stored in the dark at 4°C when not in 

use.  A dilute working stock solution was prepared just before use from the original stock 

solution by dilution with additional DMF to a concentration of 2.00 x 10-6 M, and this 

solution was also stored in the dark at 4°C when not in use.  SQTM-BA1 was synthesized 

by Dr. Maeda from Dr. Nakazumi’s laboratory at the Osaka Prefecture University, Japan.  

Stock solutions of SQTM-BA1 were prepared to the same concentrations and stored in 

the same manner as solutions of ANQW-BA1.   

 Proteins (hemagglutinin and bovine serum albumin) were purchased from Sigma-

Aldrich (St. Louis, MO, USA) and used as received.  Stock solutions were prepared to a 

concentration of 2.00 x 10-5 M in water, and were stored in the dark at 4°C when not in 

use.  Dilute protein working stock solutions were prepared from the original stock 

solutions by dilution with additional water to a concentration of 1.00 x 10-6 M, and were 

stored in the dark at 4°C when not in use.   
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Three buffers were used in this study to span the pH range from acidic to basic.  A 

boric acid (J.T. Baker, Phillipsburg, NJ, USA) buffer was prepared by dissolving boric 

acid in Milli-Q (Millipore, Bedford, MA, USA) distilled, deionized water to a 

concentration of 90.0 mM and the pH was adjusted to the desired value (9.48) by the 

addition of 0.10 M NaOH (Fisher Scientific, Pittsburgh, PA, USA).  A formic acid 

(Fisher Scientific) buffer was prepared by dissolving formic acid in Milli-Q distilled, 

deionized water to a concentration of 50.0 mM and the pH was adjusted to the desired 

value (7.18) by the addition of 0.10 M NaOH.  A citric acid (Mallinckrodt, St. Louis, MO, 

USA) buffer was prepared by dissolving citric acid in Milli-Q distilled, deionized water 

to a concentration of 25.0 mM and the pH was adjusted to the desired value (3.41) by the 

addition of 0.10 M NaOH.  All buffers were stored in plastic bottles at room temperature, 

and were filtered through 0.20 µm nylon syringe filters (Corning, NY) prior to use. 

 Protein-dye solution mixtures were prepared by adding 5.00 µL of the 2.00 x 10-5 

M solution of ANQW-BA1 or SQTM-BA1 to a 500 µL microcentrifuge tube.  Some 

volume of protein working stock solution was then added to this aliquot of dye, along 

with sufficient buffer to achieve the final desired concentration of both protein and dye.  

The final volume for all solutions was 100 µL.  The total organic solvent content in 

aqueous buffer solutions was kept below 5% (v/v). 

2.2 Instrumentation 

          Absorbance studies were conducted over a scan range of 190-900 nm with an 

integration time of 0.5 sec and an interval of 1 nm using a Hewlett Packard HP8453 

UV/Vis spectrometer (Waldbronn, Germany) and a 1-cm semi-micro (total volume 1 mL) 

quartz cuvette (Perkin-Elmer, Shelton, CT, USA). 
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          Fluorometric studies were conducted using a Perkin-Elmer LS50B Luminescence 

Spectrometer (Shelton, CT, USA).  Excitation and emission slit widths were 5 nm, and 

the scan rate was 250 nm/min.  Fluorescence spectra of dye solutions were measured 

using a 1-cm semi-micro (total volume 1 mL) quartz cuvette (Perkin-Elmer).  

Fluorescence spectra of dye-protein solutions were measured using a 1-cm ultra-micro 

(total volume 0.1 mL) quartz cuvette (Perkin-Elmer).   

3 RESULTS AND DISCUSSION 

 Enhanced sensitivity is achievable by employing fluorescence rather than 

absorbance detection methods.  Boronic acid probes, which demonstrate changes in their 

fluorescence properties upon interaction with proteins, are potential tools for glycoprotein 

determination.  The spectral properties and protein binding properties of ANQW-BA1 

and SQTM-BA1 are presented herein in order to establish their utility as potential 

glycoprotein labels for subsequent CE-LIF assays. 

3.1 Spectral Properties of ANQW-BA1 and SQTM-BA1 

The absorbance spectrum of SQTM-BA1 showed a rather broad maximum at 633 

nm in DMF, although this maximum was blue-shifted in water and all aqueous buffer 

systems.  Subsequent fluorescence emission was most intense for a DMF solution of the 

dye at 664 nm.  Relatively small blue shifts in this emission maximum were observed for 

aqueous buffered solutions of SQTM-BA1, although under aqueous conditions, 

fluorescence intensities were dramatically decreased.  A summary of the absorbance and 

emission properties of SQTM-BA1 for a variety of solvent systems is presented in Table 

2.   
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A summary of the absorbance and emission properties of ANQW-BA1 is also 

presented in Table 2.  ANQW-BA1 showed absorbance and emission maxima in DMF at 

362 and 410 nm, respectively.  Unlike SQTM-BA1, fluorescence emissions of ANQW-

BA1 were slightly increased in aqueous systems relative to pure DMF.   

 The low fluorescence of SQTM-BA1 in aqueous solutions would seem to 

preclude its use as a fluorescent label for protein determination since it would provide a 

low background signal.  However, as will be shown, the dye is still able to strongly bind 

BSA under these conditions, with a subsequent increase in fluorescence.   

3.2 Dye-Protein Interactions 

 The interaction of dye molecules with proteins provides a valuable tool for 

monitoring the presence and concentrations of those proteins due to changes in the 

fluorescence properties of the dye upon binding to proteins.  In the present work, there 

was not a resulting fluorescence enhancement upon the interaction of ANQW-BA1 with 

HA or BSA or upon the interaction of SQTM-BA1 with HA.  The fluorescence emission 

spectrum of ANQW-BA1 showed a broad three peaked band spanning from 370 to 470 

nm.  Upon the addition of protein (both BSA and HA) the fluorescence signal either 

stayed constant or was slightly quenched with no observable concentration dependency 

on the signal suggesting that there was no interaction between ANQW-BA1 and either 

protein.  This could be because there were no appropriate binding sites for intercalation 

of the anthracene ring, or there were no available diols on HA for binding with boronic 

acids on the dye because of steric hindrance or competing electrostatic or hydrophobic 

interactions.  The fluorescence emission spectrum of SQTM-BA1 showed a single, broad 

peak spanning from 645 to 745 nm.  Upon the titration of HA the fluorescence signal 
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either stayed constant or was slightly quenched with no observable concentration 

dependency on the signal.  The lack of fluorescence enhancement upon the addition on 

HA to either fluorescent probe is surprising because of the reported strength of the 

formation of a boronic ester from a boronic acid and a diol in an aqueous environment.  It 

is also disappointing because these data suggest that these probes may not be of use in the 

selective labeling of glycoproteins for analysis of viruses by CE-LIF as previously hoped.  

Moving forward, more boronic acid based probes should be synthesized and their binding 

analyzed to determine their use as glycoprotein labels.  The new dye structures should 

include tethering the boronic acid group further from the dye to enable less steric 

hindrance during reaction with diol groups on a protein.  They could also incorporate 

multiple boronic acid moieties.  It is still conceivable that boronic ester formation can 

still be used to bind probes to glycoproteins to facilitate analysis by CE-LIF.    

SQTM-BA1 was found to interact with bovine serum albumin (BSA), resulting in 

enhanced fluorescence.  Fluorescence was further studied under varying pH conditions to 

determine the relative importance of electrostatic versus hydrophobic interactions.  

Protein titrations involving a fixed concentration (1.00 x 10-6 M) of SQTM-BA1 with 

increasing concentrations of BSA were conducted in three buffer systems and each led to 

significant enhancements in fluorescence even at the lowest added protein concentrations. 

A greater than 100% increase in fluorescence was observed for a 0.10 molar ratio of dye-

to-protein in all buffer systems.  The results of these experiments are summarized in 

Table 3, and representative fluorescence spectra for SQTM-BA1−BSA mixtures in citric, 

formic, and boric acid buffers are shown in Fig. 3 (a) - (c), respectively.  The greatest 
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fluorescence enhancement was recorded in the citric acid buffer system, followed by the 

formic acid, and then the boric acid buffer systems. 

3.3 Stoichiometries of dye-protein complexes 
 
 To determine the predominant stoichiometry of the SQTM-BA1−BSA complexes 

formed in these studies, the method of continuous variations (or Job’s method) was 

employed.36  We plotted fluorescence responses versus mole fraction of dye for a number 

of SQTM-BA1−BSA mixtures with a total solution concentration of 2.00 x 10-5.  For 

SQTM-BA1 the maxima in the resulting Job’s plot occurred at a dye mole fraction of 

0.50 in citrate and formate buffers, corresponding to a predominant stoichiometry of 

(SQTM-BA1)1(BSA)1.  For the borate buffer the maxima in the resulting Job’s plot 

occurred at a dye mole fraction of 0.40 corresponding to a predominant stoichiometry of 

(SQTM-BA1)2(BSA)3.  This is a surprising stoichiometry that may be explained if the 

aggregation of three BSA proteins blocks binding sites and leaves fewer sites available 

on the surface that the dye can come in contact with.  The aggregation at higher pH rather 

than lower pH may be from conformational changes in the protein at this concentration.      

 3.4 Association Constants for Dye--Protein Complexes 

 The association constant is the equilibrium constant governing the formation of a 

complex between two or more molecules.  It is a measure of the strength of the 

interaction between the components of a complex.  To quantify the strength of interaction 

between SQTM-BA1 and BSA, the association constant (Ka) was determined for three 

different pHs according to the method by Patonay and coworkers.37  According to this 

method, the interaction between dye (D) and protein (P), expressed as  

D   P   DP                                                                                                        (1) 
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can be quantified according to the association constant (Ka) given by 

                                                                                               (2) 

where the quantities in the square brackets represent molar concentrations at equilibrium.  

The association constant, in turn, can be determined from the fluorometric titration data 

according to the equation 

                                                                              (3) 

where F is the measured fluorescence emission intensity of the dye−protein mixture; k is 

a constant dependent on the instrumentation and quantum efficiency of the process, and 

all other variables are as previously defined.  Therefore, a plot of 1/F versus 1/[P] should 

yield a straight line, with Ka equal to the intercept divided by the slope of the line.   

 It should be noted that the relationship defined by equation (3) is strictly valid 

only for protein:dye complexes that are formed with a 1:1 stoichiometry (as was the case 

for SQTM-BA1 with BSA in citrate and formate buffers).  However, this method has also 

been used as a tool to determine approximate values for the stability constant for 

complexes with other stoichiometries (as for SQTM-BA1 with BSA in the borate buffer 

system).  Other methods for measuring the association of dye and protein, which are not 

dependent upon stoichiometry include frontal analysis (FA)38 or non-equilibrium 

capillary electrophoresis of equilibrium mixtures (NECEEM)39 for more precise 

measurements.  Finally, it should also be noted that 1/F values for the dye-protein 

mixtures were corrected for fluorescence of free dye. 

 An association constant on the order of 105 was typical of the interaction of 

SQTM-BA1 with BSA in the citrate and borate buffers, while a stability constant on the 

order of 104 was typical of the interaction of SQTM-BA1 with BSA in formate buffer.  
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These values are summarized in Table 4 with an example reciprocal plot in Figure 4.  

Electrostatic interactions would be least favorable for SQTM-BA1 with BSA in boric 

acid buffer, since both the protein and the dye would be negatively charged at this pH.  

However, SQTM-BA1 and BSA showed strong interaction in all buffers studied, though 

the greatest enhancement in fluorescence was observed in citric acid buffer.  Although 

the pKa value of SQTM-BA1 is not known, it is likely under these solution conditions 

that SQTM-BA1 would either be neutral or positively charged (depending on the 

protonation of the nitrogen atom off the phenyl ring adjacent to the squarylium ring – see 

Table 1), and the protein would be positively charged (buffer pH < pI of BSA).  This 

clearly indicates that forces other than electrostatic interactions must play some role in 

complex formation.  Most likely, electrostatic interactions (or repulsions) between the 

protein and one site on the dye molecule can occur simultaneously with hydrophobic or 

intercalation interactions. Thus, from these studies we conclude that neither hydrophobic 

nor electrostatic interactions are mutually exclusive in these complexes, and neither type 

of interaction alone is entirely responsible for the formation of the noncovalent protein-

dye complexes, but rather, some combination of these forces. 

4 CONCLUSIONS 

 Only SQTM-BA1 shows enhanced fluorescence upon interaction with protein, 

and only for BSA.  SQTM-BA1 did not show enhanced fluorescence upon interaction 

with HA and ANQW-BA1 did not show enhanced fluorescence upon interaction with 

either protein studied.  Neither dye was shown to preferentially label the glycoprotein HA 

as expected based on their possession of a boronic acid moiety.  SQTM-BA1 does show 

some potential as a noncovalent labeling reagent for protein analysis by CE-LIF.  
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However, more studies will need to be conducted to that end.  Those studies should 

include systematic buffer studies to determine the optimal conditions for protein assays 

by CE-LIF.  Optimization of peak shape and size, detection sensitivity, and resolution for 

proteins still need to be studied with the intention of developing conditions suitable for 

the resolution and quantitation of a mixture of proteins.  This work, with SQTM-BA1, is 

being continued in our lab. 
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FIGURE LEGENDS 
 
Table 1: Molecular structures of SQTM-BA1 and ANQW-BA1. 
 
Table 2: Absorbance and emission properties for 1.00 x 10-6 M SQTM-BA1 and 1.00 x 
10-6 M ANQW-BA1 in various solvent systems. 
 
Table 3: Protein titration studies:  maximum fluorescence emissions measured at 655 nm 
for the formic acid and boric acid buffers and 651 nm for citric acid buffer (excitation at 
635 nm) for 1.00 x 10-6 M SQTM-BA1 in citric, formic, and boric acid buffers with 
increasing concentrations of added BSA. 
 
Table 4:  Trendline values for double reciprocal plots measured for SQTM-BA1 and 
BSA.  Maximum fluorescence emissions measured at 655 nm for the formic acid and 
boric acid buffers and 651 nm for citric acid buffer (excitation at 635 nm) for 1.00 x 10-6 
M SQTM-BA1 in citric, formic, and boric acid buffers with increasing concentrations of 
added BSA. 
 
Figure 1: Binding process between phenylboronic acid and a diol.30  (1) neutral trigonal 
form; (2) anionic tetrahedral form; (3) trigonal boronate ester; (4) tetrahedral boronate 
ester. 
 
Figure 2: Overall binding process between phenylboronic acid and a diol.30  Numerical 
designations are the same as in Figure 1. 
 
Figure 3(a): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in citric acid buffer with varying amounts of BSA.  Protein concentrations are as follows:  
(a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 10.0 x 10-6.  
Excitation at 635 nm.   
 
Figure 3(b): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in formic acid buffer with varying amounts of BSA.  Protein concentrations are as 
follows: (a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 
10.0 x 10-6.  Excitation at 635 nm. 
 
Figure 3(c): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in boric acid buffer with varying amounts of BSA.  Protein concentrations are as follows:  
(a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 10.0 x 10-6.  
Excitation at 635 nm.   
 
Figure 4:  Double reciprocal plot for the titration of 1.00 x 10-6 M SQTM-BA1 in boric 
acid buffer with increasing concentrations of added BSA.  Maximum fluorescence 
emissions measured at 655 nm with excitation at 635 nm.  
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Table 1: Molecular structures of SQTM-BA1 and ANQW-BA1. 

 

 

  

Dye Structure Molecular Weight (g/mol)

SQTM-BA1 

 

 

576.5 

ANQW-BA1 

 

 
 

341.2 
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Table 2: Absorbance and emission properties for 1.00 x 10-6 M SQTM-BA1 and 1.00 x 
10-6 M ANQW-BA1 in various solvent systems. 

Dye Solvent* . (nm)  (nm)† Fluorescence
(RFU)‡ 

SQTM-BA1 DMF 633 664 1.0000 
 Water 599 665 0.0008 
 citric acid buffer (pH 3.41) 617 654 0.0035 
 formic acid buffer (pH 7.18) 610 651 0.0072 
 boric acid buffer (pH 9.48) 606 652 0.0036 
     

ANQW-BA1 DMF 362 410 1.0000 
 Water 381 411 1.2100 
 citric acid buffer (pH 3.41) 383 410 1.2400 
 formic acid buffer (pH 7.18) 387 410 1.3400 
 boric acid buffer (pH 9.48) 389 410 1.4900 

*Maximum organic content in aqueous solutions is 0.5% (v/v) due to preparation of     
aqueous solutions by dilution of DMF stock. 
†Emission maxima were obtained for a single excitation wavelength of 633 nm. 
‡Relative fluorescence emissions have been normalized by dividing the measured   
fluorescence in aqueous (or buffer) solution by that in DMF. 
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Table 3: Protein titration studies:  maximum fluorescence emissions measured at 655 nm 
for the formic acid and boric acid buffers and 651 nm for citric acid buffer (excitation at 
635 nm) for 1.00 x 10-6 M SQTM-BA1 in citric, formic, and boric acid buffers with 
increasing concentrations of added BSA. 
 

SQTM-BA1:BSA
ratio 

Fluorescence Emission (RFU) 
citric acid formic acid boric acid 

1:0 1.39 1.33 1.70 
1:0.1 5.38 9.17 4.25 
1:0.5 139 69.5 24.6 
1:1 170 90.5 31.4 
1:5 360 146 106 
1:10 384 167 124 
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Table 4:  Trendline values for double reciprocal plots measured for SQTM-BA1 and 
BSA.  Maximum fluorescence emissions measured at 655 nm for the formic acid and 
boric acid buffers and 651 nm for citric acid buffer (excitation at 635 nm) for 1.00 x 10-6 
M SQTM-BA1 in citric, formic, and boric acid buffers with increasing concentrations of 
added BSA. 
 

Buffer Linear Regression Correlation Coefficient Association Constant
Citrate y=3 x 10-8x – 0.0153 0.973 5.10 x 105 

Formate y=1 x 10-8x – 0.0002 0.986 2.00 x 104 
Borate y=4 x 10-8x – 0.0075 0.991 1.88 x 105 
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Figure 1: Binding process between phenylboronic acid and a diol.30  (1) neutral trigonal 
form; (2) anionic tetrahedral form; (3) trigonal boronate ester; (4) tetrahedral boronate 
ester. 
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Figure 2: Overall binding process between phenylboronic acid and a diol.30  Numerical 
designations are the same as in Figure 1. 
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Figure 3(a): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in citric acid buffer with varying amounts of BSA.  Protein concentrations are as follows:  
(a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 10.0 x 10-6.  
Excitation at 635 nm.   
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Figure 3(b): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in formic acid buffer with varying amounts of BSA.  Protein concentrations are as 
follows: (a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 
10.0 x 10-6.  Excitation at 635 nm.   
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Figure 3(c): Fluorescence emission spectra for the titration of 1.00 x 10-6 M SQTM-BA1 
in boric acid buffer with varying amounts of BSA.  Protein concentrations are as follows:  
(a) 0.00 x 10-6 (b) 0.10 x 10-6 (c) 0.50 x 10-6 (d) 1.00 x 10-6 (e) 5.00 x 10-6 (f) 10.0 x 10-6.  
Excitation at 635 nm.   
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Figure 4:  Double reciprocal plot for the titration of 1.00 x 10-6 M SQTM-BA1 in boric 
acid with increasing concentrations of added BSA.  Maximum fluorescence emissions 
measured at 655 nm with excitation at 635 nm.  
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ABSTRACT: 

Rapid determination of intact microorganisms is often difficult due to their size, 

the complex biological media, and limited sample sizes.  Because of the profound effects 

of viruses on humans and our environment, using the turnip yellow mosaic virus (TYMV) 

as a model virus to develop rapid analytical methods suitable for application to other viral 

particles will aid in clinical diagnosis, food analysis, environmental monitoring, and 

quality control.  Because viruses have electrically charged capsids, it is possible for them 

to be analyzed by capillary electrophoresis (CE), since the separation in CE is based on 

the ratio of analyte size and charge.  Additionally, capsid surface proteins are available 

for interactions with fluorescent dyes, and so derivatization of intact viruses may permit 

greater sensitivity and selectivity in their detection.  Hence, we explored the utility of 

noncovalent labeling methods for TYMV to compare the efficiency of these methods 

relative to covalently derivatized samples followed by analysis by capillary 

electrophoresis with laser-induced fluorescence detection (CE-LIF).  A viable method to 

determine intact viruses is presented in this work, in which the capsid proteins of wild-

type TYMV (WT-TYMV) are labeled with various fluorescent labels used for proteins.  

In summary, intact WT-TYMV was readily labeled by both covalent and noncovalent 

fluorescent probes and subsequently detected by CE-LIF.  These initial studies involving 

TYMV with fluorescamine, NN127, and Red-1c dyes show great promise for the use of 

CE-LIF as a tool for studying other viruses without the need for time-consuming sample 

preparation or derivatization procedures.  
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1 Introduction 

Microorganisms are widespread throughout the environment and it has been 

suggested that viruses are the most abundant biological entities on earth [1].  Viruses can 

have profound effects on humans and our environment, and, therefore, being able to 

monitor and detect viruses is important for clinical diagnosis, food analysis, 

environmental monitoring, and quality control.  Viruses infect a host cell, replicate, 

package their nucleic acid (either single- or double-stranded DNA or RNA) and exit the 

cell [1]. In the case of plant viruses, which are of interest in this work, the viruses quickly 

infect plants by spreading throughout a plant’s vascular system [2]. Viruses are unique in 

their possession of a capsid, which is the protein encasement of the nucleic acid genome 

(genetic material). Components of this characteristic physical structure can be exploited 

for analytical and detection purposes, as will be demonstrated herein. 

Viruses occur in many shapes and sizes, including icosahedral and helical (which 

can be rod-shaped or filamentous) [1],  and because of this structural variety, viruses have 

been used to transport a vast range of ligands including gold nanoparticles, fluorophores, 

carbohydrates, and nucleic acids [1]. Wang has explored the use of the cowpea mosaic 

virus (CPMV) in synthesis as a building block on the nanochemical scale [3].  In his 

work, Wang created mutants of the CPMV with cysteine residues showing that the 

mutant viruses would aggregate in a controllable fashion.  It was also shown that the 

mutants could bind to metallic gold and undergo reactions at the thiol residues [4].  This 

provides a powerful platform for the alteration of the chemical and physical properties of 

the CPMV, as well as opening doors to applications in biochemistry, materials science, 

and catalysts [4].  



225 
 

The turnip yellow mosaic virus (TYMV) is a member of the tymovirus group, 

which causes dark and light pigmentation on leaves and stunts the growth of the Brassica 

family of plants (cabbages, mustards, and turnips) [5].  The TYMV capsid is composed 

of 180 copies of a single coat protein, which is a property of the tymovirus group [5].  It 

has an external diameter of 28 nm, and the virus has a molecular weight of 6 MD [5]. The 

TYMV starts replication in the chloroplast membrane, but a complete infection pathway 

has not been described [5].  It is transmitted by insects (such as the flea beetle and the 

mustard beetle), by grafting, and/or by seeds [5].  Like all mosaic viruses, TYMV is an 

excellent candidate for the development of analytical methodologies since it is very 

‘molecule like’ in the reproducibility of its size and composition. 

There are a variety of techniques that exist for the analysis of intact microorganisms 

such as bacteria and viruses.  These include differential staining, serological methods, 

flow cytometry, phage typing, protein analysis, and comparison of DNA sequences [6].  

Many of these techniques include the preparation of bacterial cultures, which increases 

analysis time and  makes it difficult to determine the concentrations or populations of the 

original (pre-culture) sample [7].  PCR has become popular because it typically 

eliminates the need for culturing to achieve the necessary sample sensitivity.  However, 

sample preparation methods required for PCR analysis make the method more time-

consuming [8].  

 Because viruses have electrically charged capsids, it is possible for them to be 

analyzed by capillary electrophoresis (CE), since the separation in CE is based on the 

ratio of analyte size and charge.  Additionally, capsid surface proteins are available for 

interactions with fluorescent dyes, and so derivatization of intact viruses may permit 
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greater sensitivity and selectivity in their detection.  However, there are many challenges 

when working with viruses, including their large size and aggregation [8].  Additives 

such as polyethylene glycol (PEG), polyethylene oxide (PEO), detergents, and 

methylcellulose in the CE running buffer can increase resolution and efficiency, reduce 

electroosmotic flow (EOF), and prevent aggregation or adsorption on the capillary wall 

[8,9].  The interaction of the additives with the viruses is not fully understood, but the 

addition of a polymer increases the viscosity of the buffer and alters the dielectric 

constant and zeta potential at the capillary wall [8-11].  

 CE is a fast, inexpensive, specific and sensitive method for virus determination 

relative to other commonly used analytical techniques.  The fact that the capillary can be 

easily flushed between runs, and that minimal sample preparation is needed means that 

the risk of contamination and false positives is minimized.  The health risks to analysts 

(when working with pathogenic viruses) are also reduced [12].  Hjerten et al. [13] were 

the first to demonstrate that CE can be used for the analysis of bacteria and viruses.  

Although they were not able to separate a mixture of intact organisms, their work showed 

that microorganisms would migrate through a capillary under an electric field [14]. 

Grossman and Soane measured the mobility of tobacco mosaic virus (TMV) as a function 

of field strength, and they showed that virus mobility increases with increasing field 

strength and also depends on orientation in solution [15]. Affinity CE has been used to 

determine equilibrium constants for viruses and ligands such as antibodies [15].   

To improve sensitivity and selectivity, the virus capsid proteins or nucleic acids of 

the genome can be fluorescently labeled (the latter by intercalating dyes) [15].  

Noncovalent binding of fluorophores to analytes may involve hydrophobic, electrostatic 
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and hydrogen bonding interactions.  The main advantage of noncovalent binding is that it 

is less labor and time intensive than covalent labeling techniques [16].  Some other 

advantages are ease of sample preparation, amenability to neutral pHs and moderate 

temperatures, and speed of the reactions [16-19]. Disadvantages of noncovalent labeling 

include decreased selectivity and reduced complex stability and lifetimes relative to 

covalent techniques.  Noncovalent labeling of virus analytes with the squarylium dyes 

NN127 and Red-1c will be compared to covalent labeling with fluorescamine.  Dye 

structures are shown in Table 1.   

Fluorescamine is intrinsically non-fluorescent but reacts quickly with primary 

amine groups of proteins, yielding a highly fluorescent complex.  The speed and 

reproducibility of this dye mimics noncovalent labeling.  Red-1c and NN127 both belong 

to the squarylium class of dyes, which has traditionally found applications as 

photoconductors, in organic solar cells, in optical recording media, and as optical sensors 

[20-23], as well as being used as protein labels more recently [18].  Squarylium dyes are 

known for their long excitation and emission wavelengths and their resistance to 

photodegredation.  NN127 is a commercially available symmetric squarylium dye that is 

water insoluble [18,24].  Red-1c belongs to a new class of asymmetric squarylium dyes 

that form noncovalent bonds with proteins [19,24-26]. The asymmetric groups on the 

squaraine ring of the dye allow for tailoring of the functional groups for better interaction 

with different analytes.   Thus, the derivatization of TYMV by noncovalent means with 

squarylium dyes Red-1c and NN127 and by covalent means with fluorescamine for 

analysis by CE-LIF was explored. In addition, we attempt to extend the utility of this 

work by optimizing CE-LIF separation conditions for labeled virus to allow for 



228 
 

identification and quantification of microorganisms of various sizes including model 

viruses, bacteria, and free solution proteins.  In particular, we utilize Bacillus globigii (Bg) 

spores (as models for anthrax bacteria) and human serum albumin (as a model protein) 

alongside TYMV to demonstrate principles necessary for the separation of intact 

microbes from other biological molecules of very disparate size.   This is a complicated 

problem because microorganisms are, themselves, complicated supramolecular analytes 

and special considerations such as their amphoteric and aggregation behaviors; the 

influence of pH and ionic strength on analyte integrity; and the adhesion of particles to 

the capillary wall must be taken into account. 

2 Methods and materials 

2.1 Reagents, Buffers, and Sample Solutions 

Stock solutions of turnip yellow mosaic virus (TYMV; provided by Dr. Q. Wang, 

University of South Carolina), Bacillus globigii (Bg) spores (provided by D. Silcott, S3I, 

LLC), and human serum albumin (HSA, Sigma, St. Louis, MO) were prepared in Milli-Q 

(Millipore,  Bedford, MA) distilled, deionized water to the desired concentration (1.000 

mg/mL, 1.000 mg/mL, and  0.1097 mM, respectively).  Other biomolecule sample 

concentrations were obtained by further dilution of these stock solutions with Millipore 

water, as appropriate.  Solutions were stored at 4˚C.   

Fluorescamine (Acros, Geel, Belgium) stock solution was prepared with HPLC 

grade acetonitrile (Acros) or HPLC-grade acetone (G.J. Chemical Company, Newark, NJ, 

USA) to a concentration of 3.41 x 10-4 M.  Stock solutions of Red-1c dye (provided by H. 

Nakazumi, Osaka Prefecture University) and NN127 dye (KPS Technologies, Atlanta, 

GA, USA) were prepared in HPLC grade methanol (G.J. Chemical Company) to a 
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concentration of 4.10 x 10-5 M and 8.54 x 10-5 M, respectively.   Dye stock solutions were 

stored in the dark at 4˚C until needed. 

A buffer was prepared from sodium borate (Fisher, Fair Lawn, NJ, USA), 

dissolved in Millipore water to the desired concentration (25.0 mM), and the pH was 

adjusted using 0.10 or 1.0 M sodium hydroxide (Fisher) to the desired pH (9.53).  

Likewise, formic acid (Fisher) was dissolved in Millipore water to the desired 

concentration (50.0 or 51.1 mM), and the pH was adjusted using 0.1 or 1.0 M sodium 

hydroxide to the desired pH (4.52, 7.18, or 7.00).  Phytic acid was used as a buffer 

additive and was dissolved in the 50.0 mM formic acid buffer (pH 7.00) to the desired 

concentration of 10.0 mM.  Buffers were stored at room temperature and filtered prior to 

use through a 0.20 µm nylon syringe filter (Corning, Corning, NY, USA). 

2.2 Instrumentation 

Fluorimetry data were collected using a Perkin-Elmer LS Luminescence 

Spectrometer (Shelton, CT, USA) with excitation/emission wavelengths as specified in 

the figures.  Slit widths were set at 5 nm, and the scan rate was set at 1000 nm/min.  

Electropherograms were recorded using a BioRad  Biofocus 2000 CE system  

(Hercules, CA) with a 594 or 650 nm diode laser with 630 or 664 nm emission filter for 

Red-1c or NN127, respectively.  CE-LIF conditions leading to high efficiency peaks for 

virus samples were 10 kV separation voltage with sample injections at 6 psi*s unless 

stated otherwise.  An uncoated silica capillary (Polymicro), of dimensions 53 µm (i.d.) x 

361 µm (o.d.) x 25.4/30.0 cm (effective/total length), unless otherwise specified, was 

found to yield high efficiency peaks for viruses in the studies. Capillaries were 

conditioned before their first usage by pressure flushing alternately with water and 0.1 M 
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sodium hydroxide beginning with a three minute flush and ending with a  seven minute 

flush in one minute increments (eleven total flushes).  The capillary was then flushed 

with buffer for 10 min at a pressure of 100 psi before an electrokinetic conditioning was 

conducted by applying a voltage (10 kV) for at least ten minutes (with no sample 

injection) to allow for equilibration of the capillary.  After this initial conditioning, the 

capillary was conditioned between each run by pressure flushing with water for 1 min 

and then buffer for 1 min.   

3 Results and discussion 

Although it is well established that free solution proteins can interact 

noncovalently with fluorophores NN127 [18,24] and Red-1c [19,24] or can covalently 

bind to fluorescamine [27] to facilitate their detection by fluorescence emission, it was 

the goal of this work to establish the feasibility of labeling (the surface proteins of) intact 

viral particles with these same fluorophores.  To begin, a fixed concentration (10.0 µM) 

of fluorescamine dye was titrated with increasing concentrations of TYMV virus, ranging 

from 0 to 10.0 µg/mL, and resulting changes in fluorescence emission were monitored 

after excitation at 406 nm, as shown in Fig. 3.  The excitation wavelength for 

fluorescamine is known to be 390 nm [27], however, because of the intended use of LIF 

detection, a 406 nm excitation wavelength was studied since a 406 nm laser for CE-LIF 

studies was available.  It should be noted that neither special sample pre-treatments nor 

special reaction conditions were involved in the derivatization of TYMV samples with 

fluorescamine. The labeling reaction simply involved adding the appropriate aliquot of 

virus sample (prepared in water) to dye, followed by dilution with the buffer being 

studied. Incubation times were no longer than 5 min prior to recording the resulting 



231 
 

emission spectra of the mixtures.  Increases in emission were observed with increasing 

virus concentration in each of three different buffer systems: 50.0 mM formate buffer, pH 

4.52 (Fig. 3a), 51.1 mM formate buffer, pH 7.00 (Fig. 3b), and 25.0 mM borate buffer, 

pH 9.53 (Fig. 3c). In all buffers, the background fluorescence of the dye alone was 

minimal.  The largest fluorescence increase in emission occurred for virus-fluorescamine 

mixtures in the neutral formate buffer system, while the lowest response was observed in 

the acidic formate buffer.  In order to optimize fluorescence response and sensitivity, 

neutral formate buffer (or a simple variation thereof) was used in subsequent aspects of 

this study, including CE-LIF separations. 

Utilizing the optimal solution conditions determined by fluorimetry, mixtures of 

TYMV were prepared in water with fluorescamine and analyzed by CE-LIF. In general, 

multiple peaks (three or more) were seen for pre-column labeling of TYMV with 

fluorescamine.  These peaks were not reproducible in number or migration time.  

Because of these inconsistencies it was decided to pursue Red-1c as a pre-column 

fluorescent label for TYMV.  The results of the pre-column experiments with Red-1c are 

shown in Fig. 2.  In these experiments, the concentration of Red-1c was held constant at 

1.00 x 10-6 M for all samples, and the concentration of virus was increased from 0.100 - 

5.00 µg/mL. In each case, only a single peak was observed in the resulting 

electropherogram, which was attributed to a virus-dye complex. No peak was observed 

for the free dye, which may be due to the fact that the dye itself has a relatively low 

quantum yield in its unbound state or because the vast majority of the dye was bound to 

virus and thus no free dye peak could be detected.  TYMV samples that were 

noncovalently labeled by Red-1c prior to analysis yielded peaks with height and area 
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linearly proportional to increasing TYMV concentrations, and so calibration curves were 

constructed (as shown in Fig. 3).  The regression values for these standard curves were 

0.9793 and 0.993 for peak area and height, respectively, which are deemed very good 

given the sample inhomogeneities that are typically associated with macromolecular 

entities such as the virus being analyzed.  As such, it would be possible to quantify the 

amount of TYMV present in an unknown sample by this method.  The limit of detection 

(LOD) was calculated as 3s/m, where s is the standard deviation of the baseline signal, 

and m is the slope or sensitivity of a calibration curve constructed from peak height 

versus injected protein concentration.  The LOD for pre-column labeling of WT-TYMV 

with 1.00 x 10-6 M Red-1c was found to be 7.28 ng/mL. 

Although the CE-LIF calibration studies with TYMV and Red-1c squarylium dye 

employed pre-column labeling protocols (whereby the dye and virus samples were pre-

mixed prior to injection onto the capillary for separation), it has been demonstrated in 

previous work that limits of detection may be improved by employing on-column 

labeling protocols for free solution proteins [19,24,28].   During on-column labeling, the 

dye concentration is essentially constant throughout the capillary, and the equilibrium 

between free dye and dye-virus complex is readily established and maintained throughout 

the CE separation following injection of the virus alone.  On-column labeling provides a 

simpler protocol with no sample pretreatment required.  

On-column experiments were conducted using Red-1c as the fluorescent label.  

However, they did not yield calibration curves.  Unexpectedly these experiments showed 

two peaks for TYMV.  In general the peak heights and areas of both peaks increased with 

increasing virus concentration, with the second peak showing a greater response.  It is not 
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fully understood why two peaks were seen, but we propose it could be because of 

aggregation of the virus.  Because of the inconsistent results it was decided not to pursue 

the on-column experiments further.  Similar experiments were also conducted using 

fluorescamine as the fluorescent probe.  However, these experiments also yielded 

inconsistent peaks.  In most cases no peaks were seen with on-column labeling.  If peaks 

were seen, they were not reproducible from run to run.   

To determine the feasibility and effectiveness of on-column labeling of intact 

virus samples, we conducted experiments with the noncovalent squarylium dye NN127 

(1.00 x 10-6 M) incorporated into a 50.0 mM formate separation buffer with 10.0 mM 

phytic acid (adjusted to pH 7.00). Phytic acid is used to improve protein analysis by 

capillary electrophoresis (CE) and is becoming more and more popular [29]. Due to its 

size and number of negative charges (up to 12) it provides a high ionic strength with a 

low conductance which efficiently decreases wall adsorption for proteins.  Phytic acid 

can be used as a buffer over a wide pH range (pH 2–11) and the wall adsorption of 

proteins using phytic acid-containing buffers is observed for buffers with a pH of 5.5 and 

higher.   Phytic acid has been successfully used as a buffer additive in previous 

separations of proteins, phycobiliproteins and intact cyanobacteria [29].    

 The resulting electropherograms for on-column labeling of 0.100, 1.00, and 10.0 

µg/mL TYMV samples are shown in Fig. 4. As expected, peak height and area increased 

with increasing concentration of TYMV. This shows promise for utilizing on-column 

labeling of viruses with noncovalent labels for quantitative sample analysis.  For 

comparative purposes, an electropherogram for a pre-column labeled (100 µg/mL) 

sample of TYMV is also shown in Fig. 4. Although the concentration of virus in the pre-
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column labeled sample was 10-times that in the most concentrated on-column labeled 

sample, the resulting peak height for the pre-column labeled virus sample was less than 

half that of the comparable on-column labeled sample.  The on-column labeled virus 

peaks appeared at a longer migration time than the pre-column labeled virus peak, owing 

to the presence of dye in the running buffer, which is expected to increase the ionic 

strength of the buffer, thus reducing the electroosmotic flow and concomitantly, reducing 

the net mobility of the complex.  

A remaining challenge in microbe separations is method development for 

mixtures containing differing sizes of microbes.  This is important so that the analyst can 

process more complex or heterogeneous samples with a single method.  Figure 5 depicts 

a preliminary study designed to separate protein (HSA), bacterial spores (Bacillus 

globigii), and virus (TYMV).  Studies were conducted using Red-1c as the fluorescent 

label.  Since on-column labeling was not as reproducible for this probe as it was for 

NN127, pre-column labeling was utilized.  As can be seen, CE-LIF analysis of individual 

samples of pre-column, noncovalently labeled TYMV, Bg spores, and HSA (with Red-1c) 

resulted in the detection of a peak for each sample (representing the complex formed 

between the analyte and dye), each with its own distinctive migration time.   However, 

upon the injection of a pre-column, Red-1c labeled mixture of protein, virus and bacterial 

spores, only a single peak (at a migration time representing nearly the average of the 

individual migration times of each of the separate analytes) was observed, indicating that 

the dye-labeled analytes were co-migrating in the mixture.  This is most likely due to 

aggregation or macromolecular complexation among the three analytes, resulting in their 

co-migration. Additionally, increased interactions with the capillary wall may occur when 
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the more complex, higher concentration mixture is analyzed, thus reducing resolution and 

separation efficiency.  These effects might be reduced or eliminated by using buffer 

additives such as detergents (e.g. SDS) or polymers (e.g. polyethylene glycol), and/or by 

employing coated columns for the separation of complex mixtures.  Another factor that 

may detract from the separation of mixed microbes with protein is the large size of the 

HSA peak relative to the virus and spore peaks, which results from the greater affinity of 

the Red-1c dye for HSA.   To test this, a mixture was prepared with a 10-fold reduction in 

the concentration of protein (while dye, virus, and spore concentrations were unchanged 

relative to those in Fig. 5). Although a small improvement in the separation was observed, 

baseline resolution was still not achieved and so additional optimization is still required. 

4 Conclusions 

Because of the profound effects of viruses on humans and our environment, using 

the WT-TYMV as a model virus to develop rapid analytical methods suitable for 

application to other viral particles will aid in clinical diagnosis, food analysis, 

environmental monitoring, and quality control.  Hence, we explored the utility of 

noncovalent labeling methods for TYMV to compare the efficiency of these methods 

relative to covalently derivatized samples followed by CE-LIF analysis.  In summary, 

intact WT-TYMV was readily labeled by both covalent and noncovalent fluorescent 

probes and subsequently detected by CE-LIF.  These initial studies involving TYMV 

with fluorescamine, NN127, and Red-1c dyes show great promise for the use of CE-LIF 

as a tool for studying other viruses without the need for time-consuming sample 

preparation or derivatization procedures.  Future work will involve more systematic 

buffer studies to determine the optimal conditions for TYMV assays by CE-LIF with 
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increased sensitivity.  The effects of buffer additives on peak shape and size, detection 

sensitivity, and resolution for viruses still need to be studied, with the intention of 

developing conditions suitable for the resolution and quantification of a mixture of 

differently sized analytes (e.g. virus, spores, and protein).  
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Figure Legends 
 
Table 1:  Structures of dyes with molecular weight, absorbance maximum, and  
fluorescence maximum. 
 
Fig. 1 The effect of buffer composition on fluorescence emission spectra for 10.0 μM 
fluorescamine with increasing TYMV concentrations (as indicated in the figure) with 
excitation at 406 nm for dye-virus mixtures prepared in:   (a) 50.0 mM formic acid, pH 
4.52; (b) 51.1 mM formic acid, pH 7.00; (c) 25.0 mM borate, pH 9.53. 
 
Fig. 2 CE analysis of pre-column labeled TYMV samples with 1.00 x 10-6  M Red-1c.  
Electropherograms offset for clarity.  WT-TYMV concentrations as follows: (a) 0.100 
μg/mL; (b) 0.500 μg/mL; (c) 1.00 μg/mL; (d) 5.00 μg/mL.   Separation conditions 
include: 50.0 formic acid running buffer (pH 7.19); excitation/detection at 594/630 nm.  
All other separation conditions as described in section 2.2. 
 
Fig. 3 Calibration curves for TYMV samples pre-column labeled with 1.00 x 10-6 M Red-
1c dye, analyzed by CE.   Separation conditions as described in Fig. 2.  Regression 
equation and correlation coefficient using peak area: y=457125x, R2=0.9793; Regression 
equation and correlation coefficient using peak height: y=11908x, R2=0.9930. 
 
Fig. 4 Electropherograms of TYMV samples of various concentrations labeled with a 
1.00 x 10-6 M solution of NN127 by on-column (red, black, and blue) and pre-column 
(green) methods.  Separation conditions include: 50.0 mM formic acid running buffer 
with 10.0 mM phytic acid (adjusted to pH 7.00); 30 cm x 53 μm i.d. capillary; 10 psi*sec. 
injection; 25 kV separation voltage; excitation/detection at 650/664 nm; 4˚C samples; 
15˚C capillary. 
 
Fig. 5 CE analysis of pre-column labeled microbe samples with 1.00 x 10-6 M Red-1c.  
Bg spore, and WT-TYMV concentrations in all samples were 10.0 μg/mL and HSA 
concentration for all samples was 1.09 x 10-21 μg/mL.  Separation conditions as described 
in Fig. 2. 
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Table 1   
 

Name Structure 
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Fig. 1   
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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CHAPTER VIII 
 
 

CONCLUSIONS 
 
 
 The use of capillary electrophoresis (CE) has increased over the last two decades 

due to its high efficiency for the analysis of a broad range of analytes.  The variety of CE-

LIF methods developed in this work for the analysis of a range of analytes demonstrates 

the versatility of this technique, especially when coupled with covalent and noncovalent 

labeling protocols.  This work aimed to demonstrate that CE-LIF could be used to 

separate and detect fluorescently labeled neurotransmitters, proteins, and viruses.  CE-

LIF has rightfully earned its place within the arsenal of analytical chemists’ tools because 

of its utility in realms as disparate as nutrition and homeland security.  Brief summaries 

of each research project are presented below, along with commentary pertaining to future 

studies and areas of growth in these fields. 

CE-LIF can be used to measure changes in neurotransmitter levels associated with 

neuropathologies.  In order to better understand the effects of manganism, sensitive 

measurements of neurotransmitter concentrations in response to Mn exposure were made.  

A rapid CE-LIF method was developed for the determination of GABA and other 

important brain biogenic amines and amino acids in a short time.  By the fluorescent 

derivatization of active neurotransmitters by ATTO-TAG™ FQ, we were able to achieve 

the high efficiency and sensitivity necessary to identify toxicologically relevant changes 

in neurotransmitter levels in rat brain tissue and microdialysate samples following dietary 

Mn exposure.  The method required minimum sample work-up and minimal quantities of 

sample for analysis, and demonstrated a linear relationship between the concentration of 
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GABA and the resulting CE-LIF peak height.  Results were similar to those obtained by 

previous HPLC analyses.  GABA concentrations were increased in samples obtained 

from rats with diets high in Mn and from rats with diets deficient in iron relative to those 

with regular diets.  Though the difference in GABA concentrations was not statistically 

significant, the observation does denote an obvious biological response to the dietary 

protocol.  An inverse correlation was found between the extracellular concentrations of 

GABA and Fe.  Extracellular concentrations of norepinephrine (NE) were significantly 

decreased in response to Mn exposure and iron deficiency.  However, no correlation was 

found between extracellular Mn and NE concentrations.  A correlation between 

extracellular NE and Fe concentrations was observed, with NE concentrations decreasing 

with decreased Fe, suggesting that decreased Fe affects the levels of extracellular NE.  

Extracellular GABA and extracellular taurine are influenced by Mn accumulation and 

altered GABA transporter function.  Interestingly, the structurally similar amino acid 

glycine was unaltered by Mn accumulation nor altered GABA transporter function.  

Moreover, increased dietary Mn virtually abolished extracellular taurine levels and 

blunted the taurine rebound observed during the post nipecotic acid  recovery period 

suggesting that extracellular metal concentrations may not only alter proper 

neurotransmitter function, but may significantly challenge osmotic regulation in the brain.   

Future studies should be aimed at probing the pharmacological effect of iron 

deficiency and Mn exposure on more samples to fully understand the neurobiological 

consequences of Mn toxicity especially related to dietary iron deficiency.  Moving 

forward, it is essential to understand the effect of Mn toxicity on taurine movement in the 

brain.  Doing so may help characterize the multifaceted etiology of Mn neurotoxicity, and 
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provide insight into some of the behavioral changes observed with Mn accumulation.  To 

permit the detection of both neurotransmitters and metal ions in the samples in a single 

run, CE-LIF could be coupled to inductively coupled plasma (ICP).  This method would 

combine the advantages of the high-resolution separation ability and low sample 

consumption of CE and the high sensitivity and selectivity of ICP.  Although such metal 

ion determination was beyond the scope of the present work, it would provide insight into 

the correlation between Mn diet or exposure and Mn presence in the brain, along with its 

effect on neurotransmitter levels. 

Spectral properties of two new asymmetric squarylium dyes, bis-SQHN-4d and 

SQHN-3c, were studied.  bis-SQHN-4d and SQHN-3c are noncovalent labels with low 

background fluorescence, and so both pre-column and on-column labeling is possible.  

This is because of the rapid reaction time between the dyes and protein targets, which 

means that derivatization or labeling can effectively take place on the time scale of the 

separation itself.  It was demonstrated that these dyes can be used as protein labels based 

on their increased fluorescence emission upon complexation.  A comparison of on-

column vs. pre-column labeling was shown for both dyes. The peak for BSA resulting 

from on-column labeling with SQHN-3c was about ten times higher than that resulting 

from pre-column labeling, thus confirming that enhanced sensitivity in CE-LIF 

determinations of protein was afforded by performing on-column labeling versus pre-

column labeling with SQHN-3c.  The same enhancement was shown for bis-SQHN-4d.  

In addition, a CE-LIF method utilizing these dyes to separate four proteins with differing 

pIs was developed.  A linear increase in peak height for BSA-SQHN-3c and HSA-bis-

SQHN-4d complexes with increasing protein concentration was observed for CE-LIF 
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with on-column labeling, thus enabling quantification of proteins in mixtures by this 

method.  However, poor resolution of a mixture of proteins was achieved for mixtures 

labeled (on-column or pre-column) by SQHN-3c, and so future work should focus on 

modifying CE-LIF methods to achieve protein separation with SQHN-3c.   Such 

modifications might include employing buffer additives (such as surfactants or phytic 

acid) to the run buffer.  

 The nature of interactions between two boronic acid-based probes (SQTM-BA1 

and ANQW-BA1) and two model proteins (BSA and hemagglutinin) were explored. 

These dyes are different from bis-SQHN-4d and SQHN-3d, in that they are boronic acid 

based probes.  These boronic acid probes should selectively label diol-containing 

compounds by ester formation, not by noncovalent labeling as is the case with bis-

SQHN-4d and SQHN-3c.  Only SQTM-BA1 showed enhanced fluorescence upon 

interaction with protein and only with BSA.  Fluorimetry methods involving SQTM-BA1 

and BSA showed an increase in fluorescence upon the addition of BSA to SQTM-BA1, 

with SQTM-BA1:BSA molar ratios of 1:1 (in citric acid and formic acid buffers) or 2:3 

(in boric acid buffer).  SQTM-BA1 did not show an enhanced fluorescence upon 

interaction with hemagglutinin and ANQW-BA1 did not show enhanced fluorescence 

upon interaction with either protein studied which indicates that there was no interaction 

between dye and protein for any of these combinations.  Surprisingly, this indicates 

neither dye preferentially labels the glycoprotein hemagglutinin as expected based on 

known chemistry between diol groups on the protein and the boronic acid moiety on each 

dye.  Modifications to these dyes could allow for better interaction between the boronic 

acid and diols.  Possible modifications include tethering the boronic acid group further 
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from the dye to enable less steric hindrance during reaction with diol groups on a protein.  

Also, multiple boronic acid moieties could be incorporated.  SQTM-BA1 does show 

some potential as a noncovalent labeling reagent for use with CE.  However, more studies 

will need to be conducted to that end.  Those studies should include systematic buffer 

studies to determine optimal conditions for protein assays by CE-LIF.  Also, optimization 

of peak shape and size, detection sensitivity, and resolution for proteins still need to be 

studied with the intention of developing conditions suitable for resolution and 

quantification of mixtures of proteins.  This work, with SQTM-BA1, is being continued 

in the lab. 

 Extending the use of noncovalent fluorescent probes from free solution proteins to 

surface-bound proteins has permitted their use as virus taggants in CE-LIF analyses. 

However, relatively few studies have taken advantage of CE-LIF to detect and separate 

virus particles. Viruses can have a wide biological impact since some viruses cause 

disease while others are biologically useful.    In the present study, wild type turnip 

yellow mosaic virus (WT-TYMV) was detected by CE-LIF assays using a variety of 

covalent and noncovalent dyes.    WT-TYMV virus was noncovalently labeled with Red-

1c and NN127.  A greater sensitivity was shown using on-column relative to pre-column 

labeling with NN127.  It was also shown that CE-LIF peak height and area decreased 

with decreasing TYMV concentration when labeled on-column with NN127 and pre-

column with Red-1c.  This shows promise for utilizing on-column labeling of viruses 

with noncovalent labels for quantitative sample analysis.   

Future studies should involve further systematic buffer studies to find the most 

suitable buffer for TYMV samples.  The effects of buffer additives (such as phytic acid, 
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polyethylene glycol, or sodium cholate) on peak shape and size, detection sensitivity, and 

resolution for viruses will need to be studied.  Systematic buffer studies to optimize the 

separation of differently sized analytes (e.g. virus, spores, and protein) should also be 

completed for the analysis of complex samples.  Quantitative binding assays, to 

determine association constants for various dyes with virus analytes, will be possible 

because of the consistent macromolecular weight exhibited by these viruses.  Physical 

separation conditions (e.g. injection volumes, separation voltage, temperature, and others) 

can be altered to facilitate these binding studies.  However, changes in solution could also 

alter the nature of the dye-virus association being measured, and this must be considered 

in method development.  Using the capillary electrophoresis frontal analysis (CE-FA) or 

capillary electrophoresis Hummel-Dryer (CE-HD) methods, the association constants and 

stoichiometries governing the interaction between a model mosaic virus (TYMV) with a 

selection of our noncovalent probes (such as the triazolylcoumarin and squarylium dyes) 

could be investigated.  The association constants will show which dye binds the strongest 

to TYMV so we can investigate its use with other viruses and microbes for detection by 

CE-LIF.   

In conclusion, it has been shown that CE-LIF is a viable method for the rapid and 

sensitive analysis of noncovalently labeled biomolecules ranging in size from small 

neurotransmitters, to large proteins, and macromolecular viruses.  Labeling with 

fluorescent dyes has been shown to increase sensitivity and has provided a degree of 

selectivity.  A rapid CE-LIF method was developed for the determination of GABA and 

other important brain biogenic amines and amino acids to identify toxicologically 

relevant changes in neurotransmitter levels in brain tissue and microdialysates following 
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Mn exposure.  Enhanced sensitivity in CE-LIF determination of protein was afforded by 

performing on-column labeling versus pre-column labeling with bis-SQHN-4d and 

SQHN-3c and a reproducible, concentration dependent CE-LIF signal was achieved for 

BSA-SQHN-3c complex with pre-column labeling and HSA-bis-SQHN-4d complex with 

on-column labeling.   The nature of interactions between two boronic acid-based probes 

(SQTM-BA1 and ANQW-BA1) and two model proteins (BSA and hemagglutinin) were 

explored and SQTM-BA1 showed some potential as a noncovalent labeling reagent for 

CE-LIF assays.  Wild-type turnip yellow mosaic virus (WT-TYMV) was detected in CE-

LIF assays employing a variety of covalent and noncovalent dyes.  These initial studies 

show great promise for the use of CE-LIF as a tool for studying viruses.  Optimization of 

several of the CE-LIF methods developed herein should increase the sensitivity and 

improve separations further still.  Furthermore, the ability to rapidly and efficiently 

separate and detect various biological analytes of disparate size in low volume, “real 

world” or “dirty” samples without significant sample pretreatment is an important 

application of the CE-LIF methods developed in this work. 
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APPENDIX A 
 
 

CE-LIF METHOD DEVELOPMENT FOR NEUROTRANSMITTER   
DETERMINATION IN BIOLOGICAL SAMPLES 

 
Supplemental material for Chapters II-IV 

 
 

1.  Introduction 
 

Iron deficiency (ID) is one of the most prevalent nutritional problems in the world 

and is a known risk factor for metal toxicity.1-4  Lower dietary iron content means higher 

gastrointestinal absorption of other metals such as cadmium, aluminum, and lead.  Iron 

has absorption mechanisms similar to divalent metals such as manganese (Mn).  If one of 

these metals is in excess the other is not absorbed as readily.  Neuorobiologically, iron 

deficiency has been linked to alterations in behavior, cognition, and neurotransmitter 

metabolism, specifically in relation to dopamine.5 There is growing evidence to suggest 

that ID is associated with the perturbation of additional neurotransmitter levels; however, 

the direct effect has yet to be determined.5, 6 

 Manganese is an essential trace element found in all tissues.  It functions as a 

constituent of metalloenzymes and an activator of enzymes.  Exposure to excessive Mn is 

associated with physiological and motor disturbances.7, 8  Occupations such as Mn mining 

and welding can put a person at higher risk of brain accumulation of Mn.9  Manganese 

neurotoxicity (manganism) is linked with increased levels of Mn in the brain, especially 

in regions of the brain known to be iron rich.  These regions include the caudate putamen, 

globus pallidus, substantia nigra, and subthalamic nuclei.  This collective area of the 

brain is known as the basal ganglia.10 Symptoms of manganism are similar to Parkinson’s 

disease.  They include generalized bradykinesia, widespread rigidity, dystonia, and a 
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propensity to fall backwards.  Psychiatric symptoms can include increased anxiety, 

insomnia, and irritability.7, 8 

The nervous system is surrounded by extracellular fluid where chemical 

communication and nutrient transport between nerve and glial cells take place.  The 

quantification of the compounds in this fluid reveals much about neural functionality.11 

GABA is the most abundant inhibitory neurotransmitter in the brain.  It is involved in the 

control of motor behaviors.5, 12, 13  Glutamate is converted to GABA by decarboxylation 

via glutamate decarboxylase and is degraded via GABA-transaminase.5, 10 ID has been 

shown to alter GABA metabolism.6 Reports of GABA concentrations in the rat brain 

upon Mn exposure are inconsistent.  However, a decrease in GABA uptake would 

indicate increased extracellular GABA, which would lead to increased inhibitory activity, 

and in turn, to increased hypokinetic activity.  Norepinephrine (NE) is a classical 

catecholaminergic neuromodulatory neurotransmitter derived from dopamine.  It is 

associated with motivational behaviors and alertness, as well as locomotion and 

autonomic funcitions.14  Manganese has been shown to inhibit NE uptake in a dose-

dependent manner, which could potentially lead to alterations in extracellular NE 

concentrations.15  However, the exact mechanism by which ID and Mn toxicity affect 

GABA and NE metabolism requires further investigation.  Taurine is an abundant non-

essential amino acid in the brain.  Taurine and GABA are structurally similar and may 

share transporters in the brain.  Glycine is an abundant inhibitory neurotransmitter, 

similar to GABA.  Taurine is a known glycine receptor agonist.16   

In the analysis of brain tissue samples and microdialysates, a highly selective 

detection technique is needed because a number of the components in the brain have 
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similar chemical structures.17 Historically, amino acids were analyzed by thin layer 

chromatography (TLC) or HPLC.18 However, using capillary electrophoresis (CE) to 

analyze neurotransmitters offers the advantage of small sample volume requirements, 

which in turn, also allows for reduced solvent consumption.  CE is fast, straightforward, 

automated, and can provide quantitative data in a relatively short time period of time.  CE 

also boasts high resolving power and large peak capacities, allowing for higher separation 

efficiencies.  There are also a wide range of modes that can be utilized in CE to separate a 

wide variety of chemical species.19 Laser induced fluorescence (LIF) offers high 

sensitivity, selective excitation, small detection volumes, and high signals, and so will be 

pursued here.   

 The goal of the present work was to develop a high-sensitivity analytical method 

for GABA and other amines in brain samples, including brain microdialysate and tissue 

homogenate samples.  After pre-column labeling with the covalent, fluorogenic probe 

ATTO-TAG™ FQ (FQ), GABA, norepinephrine, glycine, and taurine were separated 

from other sample components by CE-LIF.  The separation was based on a micellar 

electrokinetic chromatography (MEKC) buffer system.  MEKC combines 

chromatographic separation principles with CE and permits separation of neutral 

compounds as well as analytes with identical mobilities using traditional CE.20, 21  It has 

been used previously for analysis of peptides and amino acids by CE.22-24  Resolution and 

detection were achieved in a single run and amines were identified by co-migration with 

standards.  Accuracy, precision, and linearity of the technique are reported.  This 

technique was used to determine levels of GABA, norepinephrine, glycine, and taurine in 

rat brain samples for animals exposed to various diets, including Mn-rich and Fe-poor 
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diets.  Minimal work-up was required and as little as 5 μL of sample was required for 

analysis, which was complete in 7 min. 

2.  Experimental 

2.1 Reagents 

All aqueous solutions were made with distilled, deionized water obtained from a 

Milli-Q system (Millipore Billerica, MA).  Stock solutions of GABA (Sigma, St. Louis, 

MO), norepinephrine (Sigma), glycine (Sigma), taurine (Sigma), and homoserine (Sigma) 

standards were prepared with HPLC-grade methanol (G.J. Chemical Company, Newark, 

NJ), 0.1 M HCl, or artificial cerebrospinal fluid (ACSF) to a concentration of 1x10-2 M.  

Other concentrations of neurotransmitter standards were obtained by dilution of these 

stock solutions with Milli-Q water.  Solutions were stored at 4˚C for up to 6 months.   

Artificial cerebrospinal fluid was prepared by combining 25 mL of a “monovalent 

stock” solution and 50 μL of a “divalent stock” solution (names based on cations).  The 

monovalent stock was prepared by dissolving 3.6963 g sodium chloride (J.T. Baker 

Chemical Co., Phillipsburg, NJ), 1.1551 g sodium bicarbonate (Fisher, Fair Lawn, NJ), 

0.0895 g potassium chloride (Fisher), 0.0340 g anhydrous sodium sulfate (Fisher), and 

0.0340 g potassium phosphate monobasic (Fisher) in 500 mL Milli-Q water.  The 

divalent stock was prepared by dissolving 0.8086 g anhydrous calcium chloride 

(Mallinckrodt, Phillipsburg, NJ) and 0.8437 g magnesium chloride hexahydrate (Acros, 

Geel, Belgium) in 10 mL Milli-Q water.  The ionic composition of the final cerebrospinal 

fluid solution was 155.0 mM sodium, 0.83 mM magnesium, 2.9 mM potassium, 132.8 

mM chloride, and 1.1 mM calcium (pH 7.4). 
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The ATTO-TAG FQ reagent was obtained in a 5 mg portion from Molecular 

Probes (Eugene, OR).  Upon receipt, the dye was portioned into smaller aliquots by first 

dissolving the entire 5 mg sample in 2 mL of HPLC-grade methanol, and then pipetting 

10 μL portions of the dissolved dye into individual (0.5 mL) microcentrifuge tubes.  The 

portions were then evaporated to dryness using a vacuum centrifuge (1 hr. at room 

temperature), resulting in dry, 100 nmol portions of FQ per tube, which were suitable for 

subsequent derivatization experiments and were stable for extended periods of time when 

stored at -20˚C.   

A 25 mM potassium cyanide (KCN; Fluka, Buchs, Switzerland) solution was 

required for the derivatization reaction, and it was prepared by dissolving the appropriate 

amount of dry reagent in a 10 mM sodium borate (Fisher) buffer (pH adjusted to 9.18 by 

the addition of 0.1 or 1.0 M sodium hydroxide).  Special care was taken to handle the 

KCN with gloves, work in a fume hood, and ensure that basic solution conditions were 

maintained to avoid any risk of generating HCN. 

For the electrophoresis buffer, sodium borate (Fisher) was dissolved in Milli-Q 

(Millipore) distilled, deionized water to the desired concentration of 15 mM and the pH 

was adjusted using 0.1 or 1.0 M sodium hydroxide (Fisher) to the desired pH of 9.0.  

Sodium dodecyl sulfate (SDS; Pierce, Rockford, IL), 2-propanol (Fisher) and sodium 

cholate (Anatrace, Maumee, OH) were used as buffer additives and dissolved in buffer to 

the desired concentration of 45 mM, 4% (v/v), and 5 mM, respectively.  The buffer was 

stored at room temperature and filtered prior to use through 0.20 µm nylon syringe filter 

(Corning, Corning, NY). 
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2.2 Surgical and Sampling Procedure for microdialysates and tissue extracts 

Brain homogenate samples and microdialysate samples were provided by Joel 

Anderson and Keith Erikson of UNC-G, Department of Nutrition.  Male rats were 

randomly divided into four dietary treatment groups including a control group (CN), 

which was fed 35 mg Fe/kg, 10 mg Mn/kg diet and deionized water; a control Mn-

exposed group (CNMn) which was fed the control diet and 1 g Mn (as MnCl2)/l 

deionized water; an iron-deficient group (ID) which was fed 4 mg Fe/kg, 10 mg Mn/kg 

diet and deionized water; and an iron deficient/Mn exposed group (IDMn) which was fed 

the ID diet and 1 g Mn/l deionized water.  The samples were provided for analysis with 

blind reporting; that is, samples were not identified according to dietary treatment group.  

The brain homogenate samples were prepared by dissecting a rat brain and homogenizing 

it in methanol.  The homogenate was then filtered to give a clear, colorless liquid extract.  

These samples were provided with homoserine as an internal standard included in the 

extract, and a mass of tissue per sample ranging from 0.012 g to 0.03 g and sample 

volumes ranging from 120 μL to 300 μL.  For the microdialysate samples, after five 

weeks of dietary treatment, a guide cannula was implanted into the striatum.  During 

week six of the dietary protocol, a microdialysis probe was inserted into the guide 

cannula and the rat was perfused with ACSF for one hour at a flow rate of 1 μL/min.  The 

flow rate was then lowered to 0.5 μL/min and 30 min fractions were collected in 

microtubes for a total of two hours yielding four, 15 μL samples of microdialysate for 

each sampling period.  Samples were stored at -80˚C until CE-LIF analysis.  The day 

after sample collection the rats were sacrificed and the probe placement was verified post 

mortem.  The homoserine internal standard was not added to the microdialysate samples 
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as provided, and so could be added later as part of the derivatization and analysis 

procedure. 

2.3 Derivatization Procedure 

The method developed for the FQ labeling studies was adapted from methods used by 

Chen et al.25 and Wu et al.26 , ensuring a large excess of FQ relative to neurotransmitter 

concentration in all cases.  For the tissue homogenate samples:  on the day of sample 

analysis, 2 μL of the brain homogenate sample and 2 μL of 1x10-3 M GABA stock 

solution were derivatized separately by mixing each with 8 μL HPLC-grade methanol, 10 

μL of the potassium cyanide solution, and 100 nmol FQ for one hour at room temperature.  

The resulting samples were then diluted to 500 μL with Milli-Q water and divided into 

100 μL portions.  Standard additions of 0, 1, 2, 3, or 4 μL of the FQ-labeled GABA stock 

solution were then added to each 100 μL portion of the derivatized brain homogenate 

sample and the final, total volume of each was adjusted to 104 μL with Milli-Q water 

prior to analysis.   

For the microdialysate samples:  on the day of sample analysis, 5 μL of microdialysis 

sample were derivatized at 40˚C by addition to 100 nmol FQ and 10 μL of the 10 mM 

borate/ 25 mM KCN solution (pH 9.18).  The total sample volume was adjusted to 20 μL 

using HPLC-grade methanol.  After a minimum reaction time of 90 minutes, 1 μL of an 

FQ-derivatized homoserine internal standard solution was added to each of the 

derivatized microdialysis samples before analysis. Prior derivatization of the internal 

standard was conducted in the same fashion as described for FQ-derivatization of other 

samples. 

 



260 
 

2.4 Capillary Electrophoresis instrumentation and methods 

Electropherograms were recorded using a BioRad (Hercules, CA) Biofocus 2000 

CE system with a 488 nm argon ion laser with 520 nm or 590 nm emission filter.  

Uncoated silica capillary (Polymicro, Arizona) with an i.d. of 20 µm, an o.d. of 361 µm, 

and effective/total lengths of 25.4/30.0 cm was used in these experiments.  

Capillaries were conditioned by pressure flushing the capillaries alternately with 

water and 0.1 M sodium hydroxide for varying increments starting at three minutes and 

ending at seven minutes in one minute increments (eleven total flushes).  Buffer was then 

pressure-flushed for ten minutes before an electrokinetic conditioning was conducted by 

applying a voltage (10 kV) for at least ten minutes to allow for equilibration of the 

capillary.   

The running buffer for electrophoresis was 15 mM boric acid with 45 mM sodium 

dodecyl sulfate (SDS), 5 mM sodium cholate, and 4% (v/v) 2-propanol at pH 9.0.  The 

samples, blanks, and standards were injected at 10psi*s.  Separations were performed at 

10 kV for 15 min.   After each run the capillary was pressure flushed with water for 45 

sec and then with buffer for 45 sec.   

Analyte peaks were identified by spiking samples with derivatized 

neurotransmitter standards, which resulted in increased peak height (and area) for the 

sample component corresponding to the added standard.  To quantify levels of 

neurotransmitters in rat brain tissue extracts, the standard additions method was used.  

The concentration of GABA in the sample was determined by calculating the x-intercept 

and then correcting for dilution factors.  To quantify levels of neurotransmitters in rat 

brain microdialysate samples, the internal standards method was used, by which a known 
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and fixed amount of homoserine was added to each sample. The ratio of peak heights for 

the neurotransmitter and internal standard signals was used for quantification.  

Calibration curves were constructed each day by plotting the ratio of 

neurotransmitter/homoserine peak height as a function of neurotransmitter concentration 

for neurotransmitter standards ranging in concentration from 100 nM to 5 μM for glycine, 

taurine, and GABA and 5 to 10 μM for norepinephrine.  Conventional statistical methods 

have been used to calculate mean values and relative standard deviations (RSD) of the 

mean.   

3. Results and Discussion 

3.1 Optimization of Separation Conditions 

Figure 1 shows representative electropherograms of rat brain homogenate samples 

with differing buffer compositions and capillary inner diameters.  SDS acts as a pseudo-

stationary phase that solutes can interact with during the separation.  This allows for the 

separation of neutral species, as well as charged species, during the run.  The partitioning 

of the solutes between the SDS micelles and the buffer can be controlled by the 

concentration of the surfactant, other buffer additives, temperature, pH, and ionic 

strength.27-29  The surfactant also helps to minimize the adsorption of analyte compounds 

to the negatively charged capillary wall sites (caused by ionization of silanol groups on 

the uncoated inner surface of the capillary).  Adsorption onto the capillary walls can lead 

to sample loss, peak broadening, poor resolution, unstable EOF, and increased migration 

times.11 

Additives such as organic solvents in the CE running buffer can increase 

resolution and efficiency, can reduce the EOF, and prevent aggregation or adsorption on 
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the capillary wall.30  They can also affect the distribution of the analyte into the micelles.  

Because the GABA peak was not well resolved from other sample constituents in the 

electropherogram in Figure 1d, 2-propanol was used as an additive in the electrophoresis 

run buffer to slow down EOF and to improve resolution.  Sodium cholate acts in the same 

way as organic solvents to increase resolution. The effect of sodium cholate on the 

separation of neurotransmitters is seen in Fig. 1b, where a buffer consisting of 15 mM 

boric acid with 45 mM SDS and 5 mM sodium cholate was employed.  If peaks in 

samples cannot be resolved with the use of only one buffer additive, a combination of 

additives can be applied (as seen in Fig. 1b-d), as was done for the homogenate and 

microdialysate samples.  Figure 1d employs both 2-propanol and sodium cholate as 

buffer additives, for the reasons described previously.  In this case, a 20 µm i.d. capillary 

with the 15 mM borate, 45 mM SDS, 5 mM sodium cholate, and 4% (v/v) 2-propanol 

buffer (pH 9) provided the best resolution and sensitivity for the rat brain homogenate 

samples and so this buffer and capillary will be used in subsequent analyses.  

Representative electropherograms showed a 44.5% increase in GABA peak efficiency 

(N= 206,360 to N=298,185), a 72.5% increase in resolution (R=5.68 to R=9.80; 

resolution was determined for the GABA peak relative to the unidentified peak 

immediately preceding it in the electropherograms), and a 64.5% increase in signal 

intensity by the addition of 2-propanol to a 15 mM boric acid with 45 mM SDS and 5 

mM sodium cholate buffer with pH 9.0., with a 20 µm capillary relative to the same 

system without 2-propanol.     

The effect of improved separation with smaller capillary i.d. was expected 

because the smaller capillary diameter allowed for less sample to be injected on the 
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column, resulting in less overloading.  In addition, more efficient dissipation of Joule 

heating occurs due to the higher internal surface area-to-volume ratio and less natural 

convection due to the smaller capillary radius.  Also, there is less diffusion of the sample 

in the smaller i.d. capillary.  By utilizing a smaller capillary diameter, the mass transfer 

term (C) in the Van Deemter equation is reduced.  This is because the zone broadening is 

minimized due to a reduction in differential velocities across the diameter of the column.  

A smaller capillary i.d. is practical because it allows for smaller amounts of sample to be 

used in analysis.   

In Fig. 1 the GABA peak is marked as “Δ” and the homoserine standard is 

marked as “†” GABA and homoserine peak identities were confirmed by standard 

additions.  The additional peaks in these electropherograms are due to other 

neurotransmitters and amino acids in the brain homogenate samples.  The large, broad 

peak at the end of the run is likely due to small, co-eluting proteins in the sample that 

were also derivatized by FQ.   

3.2 CE analysis of tissue homogenates 

Previous studies by HPLC showed that rat brain homogenate samples for subjects 

with elevated dietary manganese showed no difference in the absolute GABA 

concentration from control levels, but did show brain-region-specific alterations in 

GABA concentration.5 The current study of the tissue samples by CE-LIF did not find a 

correlation between GABA levels in rat brain samples and dietary Mn; however, it 

clearly demonstrated the feasibility of this newly developed method for analysis of the 

possible effects of manganism or any other neurotoxin on GABA levels in real tissue 
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samples.  Table 1 presents the GABA levels determined in rat brain homogenate samples 

by the standard addition method. 

A representative standard additions calibration curve is shown in Fig. 2.  The 

concentration of GABA in the sample was determined by calculating the x-intercept and 

then correcting for dilution factors.  The resulting quantity (in μM units) was then 

converted to μmol GABA/g tissue by accounting for the sample mass from which the 

GABA was originally extracted. 

Rat labels 1, 2, 3 in Table 1 are from 3 different rats fed the same diet (either control, 

control/Mn supplemented, iron deficient, or iron deficient/Mn supplemented).  Each table 

entry (of measured GABA concentration) for a given rat represents the average of 3 

replicate injections for that given sample ± standard deviation in the replicates (represents 

inter-run variability).  The uncertainties associated with the overall reported averages are 

derived from the standard deviations between rats 1, 2, and 3 from each group and 

represents inter-rat variability (the range that might be expected based on animal-to-

animal variation).  ID and CN diets show a similar average GABA concentration, while 

the IDMn+ and the CNMn+ diets show lower and higher GABA levels, respectively.  

However, the significance of these variations is not yet confirmed.  Sample one in the 

iron deficient/Mn supplemented group was discarded due to its unreliability because 

when analysis was done on three different days there was a great variation in the resulting 

GABA concentration, unlike for all the other samples.     

3.3 CE analysis of rat brain microdialysis samples 

 Our optimized CE-LIF method was also applied to rat brain microdialysis 

samples.  One of the main concerns with the analysis of the dialysis samples was to make 
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sure that the matrix of the standards matched the matrix of the samples.  In the 

microdialysis studies an artificial cerebral spinal fluid was used to collect the samples, 

thus constituting the sample matrix.  To make sure the analysis was as accurate as 

possible the standards for the calibration curves were prepared in artificial cerebral spinal 

fluid with the same composition as that used in the microdialysis studies.  Figure 3 shows 

a typical electropherogram of a standard amino acid solution.  Baseline resolution is 

achieved within 7 min. 

To correct for variations in the injection volume or other factors, homoserine (peak 1 

in Figures 3 and 4) was chosen to be an internal standard.  This compound is not 

observed in the brain microdialysates, it undergoes the same derivatization reaction as the 

biogenic amines and amino acids, it migrates near the beginning of the electropherogram, 

and does not co-migrate with any components in the brain microdialysates.  By this 

method, the peak height of the neurotransmitter of interest is divided by the peak height 

of the homoserine internal standard peak height before plotting this ratio as a function of 

neurotransmitter concentration.  Figures of merit for this internal standard method are 

summarized in Table 2.  The calibration ranges were selected according to the predicted 

concentrations of neurotransmitters in the dialysate samples to be determined.  After 

normalization to the signal from the internal standard there was a linear relationship 

between the concentration of analytes and their corresponding peak sizes, with 

correlation coefficients ranging from 0.9894 to 0.9997.  Detection limits were typically at 

the nanomolar concentration levels.  Variations in sensitivity appear to be due to 

differences in derivatization reaction rate for each component. 
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Figure 4 shows a typical electropherogram of a rat brain microdialysate sample with 

added homoserine internal standard.  All sample components appear within 8 min, while 

components of interest are resolved in about 5.5 min.  The neurotransmitters of interest in 

Fig. 4 are identified by their numerical labels from Fig. 3.   

 Table 3 shows the resulting GABA concentrations for 25 microdialysate samples. 

Concentrations of other neurotransmitters could likewise be determined by the internal 

standard method, but are not considered in this table. All samples were initially provided 

without identifiers pertaining to diet (to avoid any bias in the analysis). As stated before 

for Table 1, rat labels 1-8 in Table 3 are from different rats fed the same diet (control, 

control/Mn supplemented, iron deficient, or iron deficient/Mn supplemented).  Each table 

entry (of measured GABA concentration) for a given rat represents the average of 3 

replicate injections for that given sample ± standard deviation in the replicates (represents 

inter-run variability).  The uncertainties associated with the overall reported averages are 

derived from the standard deviations between rats 1-8 from each group and represents 

inter-rat variability (the range that might be expected based on animal-to-animal 

variation).   

 GABA concentrations were elevated in CNMn and ID diet groups versus the CN 

data sets.  The IDMn+ group was excluded from this analysis because only two animals 

survived surgery.  Though the difference in GABA concentrations between groups was 

not statistically significant (p=0.06), these measurements denote an obvious biological 

response to dietary protocol.  No correlation was found between the extracellular 

concentrations of GABA and Mn; however, an inverse correlation was found between the 

extracellular concentrations of GABA and Fe, suggesting GABA concentrations are 
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altered as a result of the lowered extracellular Fe caused by Mn exposure and an iron 

deficient diet.  This correlation was expected, most likely as a result of altered GABA 

transporter protein expression (refer to Chapter II for further elaboration).31 

Table 4 summarizes the concentrations of other neurotransmitters found for 

microdialysate samples.  Extracellular concentrations of norepinephrine were 

significantly depressed in response to Mn exposure and ID.  This was expected, most 

likely due to altered NE transporter and receptor protein expression.  However, no 

correlation was found between extracellular Mn and NE concentrations.  A correlation 

between extracellular NE and Fe concentrations was observed, with NE concentrations 

decreasing with decreased Fe, suggesting that decreased Fe affects the levels of 

extracellular NE.32 These data suggest that altered levels of NE due to Mn exposure and 

reduced Fe levels may be a result of changes in expression of transport and receptor 

proteins (refer to Chapter III for further elaboration). 

 Increased extracellular GABA concentrations were shown to alter taurine, but not 

glycine, homeostasis (Chapter IV).  The lack of alteration in extracellular glycine 

concentrations was expected as seen from previous studies.33  Unaltered glycine 

concentrations suggest a closer relationship between extracellular taurine and 

extracellular GABA.  The decreased taurine levels may be because the main eliminatory 

pathway for Mn is by the conversion of taurine to bile salts in the liver to sequester and 

conjugate Mn.  This leads to a decreased bioavailability, resulting in decreased 

availability in the brain, because taurine in needed in the liver (refer to Chapter IV for 

further elaboration). 
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4.  Conclusions 

In order to better understand the effects of manganism, sensitive measurements of 

neurotransmitter concentrations in response to Mn exposure are needed. To this end, a 

rapid CE-LIF method was developed for the determination of GABA and other important 

brain biogenic amines and amino acids in brain samples. This method involved covalent 

derivatization with a commercially available fluorogenic probe ATTO-TAG FQ, 

requiring minimum sample work-up and quantities of sample for analysis.  The method 

generated a linear relationship between the concentration of GABA (or other 

neurotransmitter concentration) and CE-LIF peak height.  The assay was used for the 

analysis of rat brain tissue homogenate samples and brain microdialysates, and, we were 

able to achieve the high efficiency and sensitivity necessary to identify toxicologically 

relevant changes in, for example, gamma-aminobutyric acid (GABA) levels in brain 

tissue and microdialysates following Mn exposure.  This can lead to an understanding of 

possible correlations between GABA levels and Mn exposure.  Future studies will probe 

the pharmacological effect of iron deficiency and Mn exposure on more samples to fully 

understand the neurobiological consequences of Mn toxicity especially related to dietary 

ID.   

To permit the detection of both neurotransmitter and metal ions in the samples in 

a single run, CE-LIF could be coupled to inductively coupled plasma (ICP) in future 

work.  ICP-AES has been used for elemental analysis of biological samples.34  Compared 

to ICP-MS, CE-ICP-AES is relatively more cost effective.35  CE-ICP-AES is also more 

sensitive than flame AAS, and has a much larger LDR than electrothermal AAS.35  This 

method would combine the advantages of the high-resolution separation ability and low 
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sample consumption of CE and the high sensitivity and selectivity of ICP.  Deng et al. 

have shown the feasibility of applying CE-ICP-AES to the speciation analysis of 

magnesium in rat plasma.35 Although such metal ion determinations may be beyond the 

scope of this work, they would provide insight into the correlation between Mn diet or 

exposure and Mn presence in the brain, along with its affect on neurotransmitter levels. 
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Table 1: Measured GABA levels in rat brain tissue extract samples for various diets:  
“ID”- iron deficient; “IDMn+”- iron deficient with elevated dietary manganese; “CN”- 
control; “CNMn+”- control with elevated dietary manganese.   

GABA (µmol/ g tissue) 
Rat ID IDMn+ CN CNMn+ 
1 1.27±0.01 N/A 1.17±0.05 1.35±0.06 
2 0.954±0.017 0.891±0.068 1.89±0.04 3.48±0.11 
3 1.68±0.01 1.26±0.01 1.11±0.03 1.36±0.03 

Average 1.30±0.36 1.07±0.26 1.39±0.44 2.06±1.22 
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Table 2:  Linearity of calibration curves for amino acids and biogenic amines.  Note that 
these are theoretical LODs based on 3σ/m where σ represents the standard deviation of 
the background, and m represents the sensitivity of the calibration curve. 

 
  

Compound Peak Number 
(Figure 3) 

Correlation 
Coefficient for 

Standard 
Calibration 
Curve, R2 

Calibration 
Curve Slope 

(arbitrary units) 

Detection Limit 
(·10-9 M) 

Glycine 2 0.9997 0.662 24 
Taurine 3 0.9991 0.488 42 
GABA 4 0.9962 1.2954 6.9 

Norepinephrine 5 0.9894 0.133 59 
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Table 3: GABA concentrations for rat brain dialysis samples obtained by CE-LIF 
analysis.  Each reported GABA concentration represents the average of three replicate 
injections per sample.  ND=not determined. 

 
 
  

GABA (µM) in 15 μL dialysis sample 
Rat ID IDMn+ CN CNMn+ 
1 0.221 ± 0.004 0.291 ± 0.005 0.121  ± 0.001 0.288 ± 0.013 
2 0.133 ± 0.003 0.241 ± 0.006 0.834 ± 0.020 0.164 ± 0.011 
3 0.119 ± 0.003  0.0382 ± 0.0013 0.179 ± 0.003 
4 0.0791 ± 0.0018  0.0544 ± 0.0011 0.132 ± 0.007 
5 1.11 ± 0.02  ND 0.115 ± 0.006 
6 0.717 ± 0.007  0.0285 ±0.0009 0.515 ± 0.007 
7 0.571 ± 0.036   0.344 ± 0.006 
8 0.397 ± 0.009   1.33 ± 0.004 

Average 0.418 ± 0.362 0.266 ± 0.035 0.215 ± 0.348 0.383 ± 0.405 
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Table 4:  Mean extracellular concentrations [µM] of neurotransmitters GABA, 
norepinephrine, glycine, and taurine (reported ± standard error of the mean), determined 
by CE-LIF and analyzed by ANOVA with Tukey’s post-hoc analysis.  Means not sharing 
a superscript are significantly different (p<0.05). 

 CN CNMn ID IDMn 
GABA 0.304 ± 0.073a 0.521 ± 0.127b 0.333 ± 0.084a 0.204 ± 0.022c 

Norepinephrine 0.424 ± 0.054a 0.114 ± 0.047b 0.127 ± 0.052b 0.043 ± 0.014c 
Glycine 5.129 ± 2.077a 9.522 ± 5.809a 5.826 ± 1.635a 5.543 ± 1.800a 
Taurine 4.270 ± 1.956a 0.554 ± 0.162b 3.211 ± 1.940a 3.287 ± 0.824a 
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Figure 1:  Electropherograms for FQ-derivatized rat brain homogenate samples.  
Excitation/emission at 488/520 nm, except for (d), with excitation/emission at 488/590 
nm.  Running buffer:  (a) 20 mM boric acid with 60 mM SDS at pH 9.0.  Capillary i.d.= 
50 µm.  (b)  15 mM boric acid with 45 mM SDS and 5 mM sodium cholate at pH 9.0. 
Capillary i.d. = 20 µm.   (c)  15 mM boric acid with 45 mM SDS and 5 mM sodium 
cholate at pH 9.0. Capillary i.d.= 25 µm.  (d)  15 mM boric acid with 45 mM SDS, 5 mM 
sodium cholate, and 4% (v/v) 2-propanol at pH 9.0. Capillary i.d. = 20 µm.  
Excitation/emission at 488/590 nm.  GABA peak indicated by Δ and homoserine peak 
indicated by † in each case. 
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Figure 2: Standard additions calibration curve for the determination of GABA 
concentration in tissue sample #36.  The regression line equation is GABA peak 
height=31586 (RFU/μM)*(added GABA concentration) +15266 (RFU).  R2=0.9999 
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Figure 3: Electropherogram of FQ-derivatized neurotransmitter standards.  Peaks: 
1=homoserine (5 µM); 2=glycine (1 µM); 3=taurine (1 µM); 4=GABA (1 µM); 
5=norepinephrine (7 µM).  Excitation/emission at 488/590 nm and capillary i.d.= 20 µm.  
Run buffer: 15 mM boric acid with 45 mM SDS, 5 mM sodium cholate, and 4% (v/v) 2-
propanol at pH 9.0. 
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Figure 4:  Electropherogram for prelabeled (by FQ) rat brain microdialysate sample.  
Peaks: 1=homoserine; 2=glycine; 3=taurine; 4=GABA; 5=norepinephrine. 
Excitation/emission at 488/590 nm and capillary i.d.= 20 µm.  Run buffer: 15 mM boric 
acid with 45 mM SDS, 5 mM sodium cholate, and 4% (v/v) 2-propanol at pH 9.0. 
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APPENDIX B 
 
 

INTERNATIONAL EXCHANGE: LEARNING TO SYNTHESIZE    
SQUARYLIUM DYES IN JAPAN 

 
Supplemental material for Chapter V 

 
 
 The purpose of this appendix is to provide synthesis schemes for squarylium dyes 

related to those studied in Chapter V. Although each dye has its own unique spectral 

properties and each possesses unique interactions with any given protein analyte, the 

synthesis of asymmetric squarylium dyes as a class of probes requires many common 

steps, which were learned through an NSF-funded international research exchange with 

Osaka Prefecture University (Osaka, Japan).   

The implication of proteins in various biological functions and as markers of 

various states of disease justifies the need for improved protein assays.  In our laboratory 

capillary electrophoresis (CE) is used to explore the fluorescent properties of squarylium 

dyes and to study their noncovalent interactions with proteins.  Squarylium dyes were 

first synthesized over 30 years ago and they exhibit effective light absorption and have 

traditionally found use in applications such as photoconductors in copy devices, organic 

solar cells, optical recording media, and optical sensors,1-4 as well as being used as 

protein labels more recently.5  Squarylium dyes are attracting the attention of analysts for 

their long excitation wavelengths and resistance to photodegradation.  By understanding 

the nature of noncovalent interactions between various squarylium dyes and protein 

molecules, it will be possible to develop efficient, highly sensitive analytical methods 

with applicability to the separation and quantitation of proteins in complex mixtures. It 



282 
 

will also be possible to more intentionally design selective probes for particular protein or 

other biological analytes.   

Therefore, I traveled to Japan to learn the synthetic strategies for the squarylium 

dyes essential to my current research project; in exchange, a student from Japan visited 

our laboratory to learn the analytical procedures essential to this collaborative work.  

During my time in Japan I was able to complete four successful dye syntheses and 

purifications.  However, I was unable to synthesize the final, target squarylium dye 

product in the final synthesis scheme (which is identified as product 8 in Fig. 4: Scheme 

2).  

The UV-Vis absorption spectrum in Figure 2 was collected to show the purity of 

Product 3 synthesized according to Scheme 1 (Figure 1).  Briefly, the synthesis required 

refluxing a mixture of 1 (471 mg, 1.79 mmol), 2 (615 mg, 1.79 mmol) and quinoline (3 

drops) in 1-butanol-benzene (1:1, v/v, 11.6 mL) for 3 h.  After cooling, the solvent was 

removed by a rotary evaporator and the residue was purified by silica gel column 

chromatography (CH2Cl2-methanol, 10:1, as eluent).  Recrystalization from 

CH2Cl2/methanol (10:1)-hexane afforded crystals of 3; yield, 4%.  There was a small 

amount of impurity (indicated by the absorbance band at 375 nm); however, the molar 

absorptivity (ε) for my synthesized dye sample was 6.21x104 M-1cm-1.  This was close to 

the expected value of 7.14x104 M-1cm-1.  Figure 3 is an NMR spectrum of Product 3 

synthesized according to Scheme 2 (Figure 4).  This spectrum confirms that the expected 

product was, in fact, synthesized. 

 In conclusion, the data presented in this Appendix provide information about the 

synthesis of two dyes that are similar to the dye used in chapter V.    
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Figure 1: Scheme 1 

Compound 3: 
1H NMR (CDCl3) δ 0.5 (m, 17H), 0.5-1.5 (m, 47H), 2.5 (m, 10H), 2.95 (s, 3H), 3.6 
(quartet, 5H), 4.1 (s, 4H), 4.45 (m, 3H), 6.25 (m, 5H), 7.0 (m, 8H), 7.5 (quintet, 4H), 7.6 
(quartet, 3H), 7.75 (d, 1H) – see attached spectrum; UV-VIS (CHCl3) excitation 
λmax=605.5 nm, A=0.37907, ε= 7.60x104M-1cm-1; fluorescence (CHCl3) emission λmax= 
631.6 nm. 
 
 

 

 

Figure 2:  UV-Vis spectrum of 6.77 µM product 3 in methanol. 
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Figure 3: 1H NMR of product 3, scheme 2 in DMSO. 
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Figure 4: Scheme 2 

N
I+

N
+

I
-

80 °C, 24 hrs.

1 32

N
+

I
-

+
O

O

Cl

Cl

N

O O

Cl

benzene
triethylamine

N2 gas
room temp., 2 hrs.

3 4 5

N

O O

Cl N

O O

OH

AcOH/H2O (4:1)

80 °C, 2 hrs.

5 6

N

O O

OH

+

N
+

OH

O

Br
-

N
+ O

N

OH

OO
-

6

7

8

BuOH/benzene (4:1)
3 drops quinoline

60 °C, 1 hr.

BuOH/benzene (4:1)
3 drops quinoline

10 drops triethylamine
60 °C, 2 hrs.



287 
 

SCHOLASTIC VITA 
 
 
 

TARA LEE MASSIE* 
 
 

BORN:     July 13, 1984, Alma, Michigan 
 
UNDERGRADUATE STUDY:  Western Carolina University 

Cullowhee, North Carolina  
B.S. Chemistry, with Honors, 2005 

 
GRADUATE STUDY:  Wake Forest University  
     Winston-Salem, North Carolina 
     Ph.D., 2010 
 
SCHOLASTIC EXPERIENCE:  
  
     Research Assistant, Laboratory of Christa L. Colyer 
     Wake Forest University 
     Fall 2008 – Summer 2010 
 
     Teaching Assistant 
     Wake Forest University 
     Fall 2005 - Spring 2008 
 
HONORS AND AWARDS: 
 
     Richter Scholarship 
     Wake Forest University 
     2009 
 
     Alumni Travel Award 
     Wake Forest University 
     2006-2010 
  
PUBLICATIONS: 
 
     Anderson, J. G.; Fordahl, S. C.; Cooney, P. T.; Weaver, T. L.; Colyer, C. L.;   
     Erikson, K. M., Manganese exposure alters extracellular GABA, GABA   
     receptor and transporter protein and mRNA levels in the developing rat   
     brain. Neurotoxicology 29, (6), 1044-1053 (2008). 
 
 
                                                 
* Tara Lee Weaver prior to 2009 



288 
 

 
     Anderson, J. G.; Fordahl, S. C.; Cooney, P. T.; Weaver, T. L.; Colyer, C. L.;  Erikson,      
     K. M., Extracellular Norepinephrine, Norepinephrine Receptor and Transporter     
     Protein and mRNA Levels Are Differentially Altered in the Developing Rat Brain  
     Due to Dietary Iron Deficiency and Manganese Exposure.  Brain Research, 1281,1-14    
     (2009). 
 
     Fordahl, S.C.; Anderson, J.G.; Cooney, P.T.; Weaver, T.L.; Colyer, C.L.; Erikson,    
     K.M., Manganese Exposure Inhibits the Clearance of Extracellular GABA and  
     Influences Taurine Homeostasis In the Striatum of Developing Rats.  Neurotoxicology  
     31, (6), 639-646 (2010). 
 
PRESENTATIONS: 
  
     37th Federation of Analytical Chemistry and Spectroscopy Societies (Raleigh,  
     NC, October 2010) CE-LIF Studies to Facilitate Bioprobe Design and Microbe  
     Detection.  Christa L. Colyer, Xiuli Lin, Tara Massie, Stephanie Rockett, and  
     Jennifer Kneezel 
 
     Tenth Annual Graduate Student Research Day (Winston-Salem, NC, March 2010)   
     Synthetic Strategies for Squarylium Dyes and Their Uses as Noncovalent Protein  
     Labels.  Tara L. Massie, Christa L. Colyer, and Hiroyuki Nakazumi 
      
     36th Federation of Analytical Chemistry and Spectroscopy Societies (Louisville,  
     KY, October 2009) Investigation of Noncovalent Dye-Protein Interactions and Their  
     Use  for Microbe Determination by CE-LIF.  Tara Massie, Xiuli Lin, Christa L.  
     Colyer, Qian Wang, and Hiroyuki Nakazumi 
 
     61st ACS Southeastern Regional Meeting (Puerto Rico, October 2009) Capitalizing on  
     Noncovalent Dye-Protein Interactions for Microbe Determination by CE-LIF.  Christa  
     L. Colyer, Xiuli Lin, Qian Wang, Hiroyuki Nakazumi, Tara L. Massie 
 
     Twenty-Sixth Triangle Chromatography Symposium and Instrument Exhibit (Raleigh,    
     NC, May 2009) A New Asymmetric Squarylium Dye For Noncovalent Protein  
     Labeling And Analysis By CE-LIF.  Tara L. Massie, Hiroyuki Nakazumi, and  
     Christa L. Colyer 
 
     Ninth Annual Graduate Student Research Day (Winston-Salem, NC, April 2009)   
     Using Capillary Electrophoresis with Laser-Induced Fluorescence Detection to  
     Analyze Proteins and Turnip Yellow Mosaic Virus (TYMV). Tara L. Massie,  
     Qian Wang, and Christa L. Colyer 
 
     Wake Forest University Departmental Seminar (Winston-Salem, NC, December       
     2009) Capillary Electrophoresis with Laser Induced Fluorescence Method  
     Development for the Detection of GABA as an Indicator of Manganism.  
     Tara L. Massie, Joel Anderson, Keith Erikson, and Christa L. Colyer 
  



289 
 

     60th ACS Southeastern Regional Meeting (Nashville, TN, November 2008) Using    
     Capillary Electrophoresis with Laser-Induced Fluorescence Detection to Analyze    
     Turnip Yellow Mosaic Virus (TYMV). Tara L. Weaver, Qian Wang, and  
     Christa L. Colyer 
  
     Twenty-Fifth Triangle Chromatography Symposium and Instrument Exhibit (Raleigh,  
     NC, May 2008) Using Capillary Electrophoresis with Laser-Induced Fluorescence  
     Detection to Analyze Turnip Yellow Mosaic Virus (TYMV).  Tara L. Weaver,  
     Qian Wang, and Christa L. Colyer 
  
     Pittcon 2008- ACS Analytical Division (New Orleans, March 2008) Using Capillary      
     Electrophoresis with Laser-Induced Fluorescence Detection to Analyze Turnip Yellow   
     Mosaic Virus (TYMV).  Tara L. Weaver, Qian Wang, and Christa L. Colyer 
      
     Twenty-Fourth Triangle Chromatography Symposium and Instrument Exhibit    
     (Raleigh, NC, May 2007) Using Capillary Electrophoresis with Laser-Induced    
     Fluorescence Detection to Measure Neurotransmitters as Markers of Manganese    
     Toxicity. Tara L. Weaver, Joel Anderson, Keith Erikson, and Christa L. Colyer 
 
     Seventh Annual Graduate Student Research Day (Winston-Salem, NC, March  2007)      
     Using Capillary Electrophoresis with Laser-Induced Fluorescence Detection to  
     Measure Neurotransmitters as Markers of Manganese Toxicity. Tara L. Weaver, Joel     
     Anderson, Keith Erikson, and Christa L. Colyer 
  
     Pittcon 2007 (Chicago, IL, February 2007) Using Capillary Electrophoresis with   
     Laser-Induced Fluorescence Detection to Measure Neurotransmitters as Markers of   
     Manganese Toxicity. Tara L. Weaver, Joel Anderson, Keith Erikson, and  
     Christa L. Colyer 
  
     Twenty-Third Triangle Chromatography Symposium and Instrument Exhibit (Raleigh,    
     NC, May 2006) Using Capillary Electrophoresis with Laser-Induced Fluorescence  
     Detection to Measure Neurotransmitters as Markers of Manganese Toxicity.  
     Tara L Weaver, Joel Anderson, Keith Erikson, and Christa L. Colyer 


	Dissertation Title Page ETD
	Dissertation Acknowledgements
	Dissertation Table of Contents
	Dissertation Chapter I Introduction
	Dissertation Chapter II
	Dissertation Chapter III
	Dissertation Chapter IV-alteredpictypes
	Dissertation Chapter V
	Dissertation Chapter VI _Recovered_
	Dissertation Chapter VII
	Dissertation Chapter VIII Conclusions
	Dissertation Appendix A
	Dissertation Appendix B
	Dissertation Scholastic Vita

