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Chiral Measurement of Aspartate and Glutamate in Single Neurons 
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ABSTRACT: D-Amino acids (D-AAs) are endogenous molecules found throughout the metazoan, the functions of which 
remain poorly understood. Measurements of low abundance and heterogeneously distributed D-AAs in complex biologi-
cal samples, such as cells and multicellular structures of the central nervous system (CNS), require the implementation of 
sensitive and selective analytical approaches. In order to measure the D- and L- forms of aspartate and glutamate, we de-
veloped and applied a stacking chiral capillary electrophoresis (CE) with laser-induced fluorescence detection method. 
The achieved online analyte preconcentration led to a 480-fold enhancement of detection sensitivity relative to capillary 
zone electrophoresis, without impacting separation resolution or analysis time. Additionally, the effects of inorganic ions 
on sample preconcentration and CE separation were evaluated. The approach enabled the relative quantification of D-
aspartate and D-glutamate in individual neurons mechanically isolated from the CNS of the sea slug Aplysia californica, a 
well-characterized neurobiological model. Levels of these structurally similar D-AAs were significantly different in sub-
populations of cells collected from the investigated neuronal clusters. 

Amino acids are an important class of small molecules that 
are critical for organismal function. Specifically, they are 
involved in cell-to-cell signaling and metabolism, and play a 
structural role as the building blocks of peptides and pro-
teins.1 With the exception of glycine, amino acids are chiral 
molecules and can be found in either the D- or L-form. In the 
context of higher animals, it was generally accepted that only 
the L-form was the physiologically relevant enantiomer, until 
this view was challenged by initial measurements of D-AAs in 
animal tissues.2-4  
 Following their discovery, numerous investigations of D-
AAs have been carried out in invertebrate and vertebrate 
animal models. Notable non-mammalian examples include 
Loligo vulgaris,3,5,6 Pelophylax esculentus (formerly Rana es-
culenta),7-10 and Aplysia californica.11,12 Research also been 
performed in mammals, such as the rat,4,13-16 as well as in 
humans.17-19 These studies have demonstrated the presence, 
and often the physiological importance, of different D-AAs.  
 Among these, D-serine (D-Ser) and D-aspartate (D-Asp) 
have been the most extensively studied. Functioning as a 
transmitter, D-Ser is an endogenous agonist for the N-
methyl-D-aspartate (NMDA) receptor in different brain re-
gions. Its misregulation is associated with schizophrenia and 
depression.15,20-22 D-Asp exhibits all of the characteristics re-
quired for a neurotransmitter and/or neuromodulator.6,11,23-26 
Also, D-Asp has been associated with physiological processes 
such as neurogenesis,27 reproduction,9,19,25,28 and vision.5 De-
spite the progress in understanding the endogenous roles of 
D-Ser and D-Asp, more work is required to better character-
ize their participation in numerous cell-to-cell signaling 
pathways, as well as their overall functional significance.  
 A number of other D-AAs have been detected in animals, 
but their biological functions remain poorly characterized.29-

31 For example, the functional roles of D-glutamate (D-Glu) 
remain enigmatic, despite its presence in various brain and 
peripheral tissues of the mouse,31 in the brain, kidney, and 
liver of the rat,32,33 the retina of multiple mollusks,5 and 
throughout the nervous system of Aplysia limacina.26 It ap-
pears that one limitation on the functional characterization 

of D-Glu relates to challenges associated with its measure-
ment. It was recently reported that D-Glu was the only D-AA 
not found at detectable amounts in the mouse brain.34  
 Beyond its presence in biological tissues from a variety 
of animals, D-Glu may accumulate in rat synaptic vesicles, 
bind to NMDA receptors, and induce excitotoxicity.35 Accu-
mulation of D-Glu in the rat retina has also been reported.36 
Application of D-Glu was shown to cause muscle contraction 
in Bombyx mori,37 as well as induce a rise in intracellular Ca2+ 
in muscle cells from Pleurobrachia bachei and Bolinopsis in-
fundibulum.38 Moreover, enzymes capable of catalyzing the 
degradation of D-Glu, D-glutamate cyclase, and D-aspartate 
oxidase (D-AspO), have been identified across the 
metazoan.8,31,39-44 How is D-Glu synthesized? Although there 
are no well-characterized glutamate racemases, a recent 
study demonstrated glutamate racemase activity with known 
aspartate racemase enzymes from Panaeus monodon and 
Crassostrea gigas.45 Interestingly, the murine glutamate-
oxaloacetate transaminase 1-like 1 (GOT1L1), which was re-
ported as an aspartate racemase, also exhibited dual race-
mase activity by synthesizing D-Glu in addition to D-Asp.27 
Follow-up work on rat and human homologs of GOT1L1 sug-
gest it may not be the mammalian source of D-Asp.46   
 Measurement of D-AAs in animal tissues has largely 
been carried out via chiral liquid chromatography (LC) 
paired with detection by laser-induced fluorescence (LIF) or 
mass spectrometry (MS).30,47-51 Though robust and successful-
ly applied to the study of many different D-AAs in tissues 
from a broad range of animals, LC-based approaches are not 
as well suited for measuring volume-limited samples. Enzy-
matic biosensors have been shown to be useful for some such 
volume-limited measurements.52 With regard to D-AA anal-
yses at single cell and subcellular levels, these have been 
largely accomplished with chiral capillary electrophoresis 
(CE) paired with LIF detection.11,53,54 
 The limited progress on the characterization of a num-
ber of D-AAs in single cells is partly due to the analytical 
challenges of chiral single cell analyses. In addition to the 
difficulties associated with most chemical assays of biological 
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material, such as biofouling or system peak interference, 
analyses of D-AAs are further complicated by their low en-
dogenous concentrations and heterogeneous distribution. 
Therefore, measurement of D-AAs at the single cell level re-
quires the implementation of methodologies that can work 
with limited sample volumes, overcome sample matrix ef-
fects, and discriminate analytes on the basis of chirality with 
low limits of detection. 
 To address these challenges, we developed a variant of 
large-volume sample stacking (LVSS) chiral CE-LIF. There 
are a large number of characterization approaches for online 
preconcentration of analytes used in CE, often uniquely tai-
lored for a given set of analytes. The wide variety of sample 
stacking approaches, as well as their mechanisms and appli-
cations, have been well reviewed.55-58 The LVSS-CE-LIF ap-
proach described here afforded over two orders of magnitude 
signal enhancement and enabled analyses of D- and L-Asp, as 
well as D- and L-Glu, in single A. californica neurons. We ob-
served differences in the amounts of the well characterized 
D-Asp, and the much less understood D-Glu.  
Experimental Section 
 Materials and Chemicals. Chemicals were purchased 
from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. 
Aqueous solutions were prepared with ultrapure deionized 
(DI) water from an ELGA Purelab Ultra water system (USFil-
ter, Lowell, MA). Phosphate buffer saline (PBS) was pur-
chased from Mediatech (Manassas, VA). Amino acids were 
stored as neat aqueous solutions at 14 °C. Naphthalene-2,3-
dicarboxaldehyde (NDA) was purchased from Invitrogen 
(Carlsbad, CA). For the CE separations, 2-(N-
morpholino)ethanesulfonic acid (MES), potassium bromide 
(KBr), and quaternary ammonium β-cyclodextrin (QAβCD) 
(CTD Holdings, Alachua, FL) were used. See the Supporting 
Information for experimental details relating to D-aspartate 
oxidase (D-AspO) cloning and purification. For D-Asp peak 
confirmation by enzymatic degradation via D-AspO, flavin 
adenine dinucleotide (FAD) and catalase (10,000–40,000 
U/mg protein, 34 mg protein/mL suspension) from bovine 
liver were prepared in PBS. Homemade desalting tips were 
loaded with polymer slugs punched out from Empore poly-
styrene-divinylbenzene solid phase extraction (SPE) disks 
from 3M (St. Paul, MN). 
 Sample Preparation. A. californica were obtained from 
the Aplysia resource facility (University of Miami, Miami, 
FL), maintained in an aquarium with continuously circulat-
ing aerated and filtered sea water (Instant Ocean, Aquarium 
Systems Inc., Mentor, OH) at 14–15 °C until used. Animals for 
the single cell measurements weighed 125–200 g. For whole 
F-cluster measurements, animals weighed 5–20, 70–80 and 
150–230 g for the juvenile, small adult, and large adult sam-
ples, respectively. Animals were anesthetized by injection of 
isotonic MgCl2 (~30 to ~50% of body weight) into the body 
cavity. The cerebral ganglia were dissected and placed in 
artificial sea water (ASW) containing (in mM): 460 NaCl, 10 
KCl, 10 CaCl2, 22 MgCl2, 6 MgSO4, and 10 HEPES (pH 7.8), 
or in ASW-antibiotic solution (ASW supplemented with 100 
units/mL penicillin G, 100 μg/mL streptomycin, and 100 
μg/mL gentamicin, pH 7.8). To facilitate mechanical isola-
tion of cellular clusters and individual neurons, the ganglion 
sheath was digested enzymatically by incubation in 1% pro-
tease (Type IX: Bacterial) ASW-antibiotic solution at 34 °C 
for 40–90 min, depending on animal size and season. Isolat-

ed ganglia, cellular clusters, and cells were washed in fresh 
ASW. 
 Each isolated cell was separately placed in 100 µL of 
methanol, sonicated for 10 min at 20 °C, and then centri-
fuged at 9000 g for 5 min. Thereafter, the supernatant was 
collected and then dried with a Savant SpeedVac concentra-
tor (Thermo, Milford, MA). All samples were reconstituted in 
DI water. 
 Sample Derivatization and Desalting. Derivatization 
procedures for the standards and samples for LIF detection 
were accomplished by mixing the aqueous standard mixture 
or sample with NDA (20 mM in acetonitrile (ACN)) and po-
tassium cyanide (KCN) (saturated in ACN, 20 °C) in a 1:1:2 
ratio. Mixing was achieved with pipetting and the reaction 
was allowed to proceed for one hour in the dark at 20–24 °C. 
SAFETY NOTE: our NDA reaction protocol involves the use 
of unbuffered KCN and should be carried out in a fume hood 
while following safety procedures to minimize risk of cyanide 
exposure. Alternative reaction protocols can also be consid-
ered.  
 Following derivatization, each reaction mixture was 
dried under vacuum, reconstituted in DI water, and desalted 
by homemade centrifuge extraction tips.59 In brief, SPE col-
umns were constructed by loading 0.7–0.8 mg of polysty-
rene-divinylbenzene into a 200 µL pipette tip. Next, the SPE 
polymer bed material was activated with pure ACN, condi-
tioned with water, loaded with a reaction mixture in mini-
mum volume, desalted with 10 µL water, and analytes eluted 
with 20 µL pure ACN. Finally, each eluted, desalted sample 
was quickly dried under vacuum and reconstituted in DI 
water. 
 In order to confirm the presence of D-Asp, we treated 
some samples with D-AspO; thus, several amino acid stand-
ards and single cell extracts were mixed with D-AspO (4.6 
mg/mL), FAD (5 mM), and catalase (68 µg/mL) in a 1:0.6:1:1 
volume ratio. Next, the mixture was incubated in a water 
bath at 37 °C for 5.75 h. Each enzyme-treated sample was 
dried and reconstituted in 1 µL of water prior to derivatiza-
tion, desalting, and analysis by CE-LIF. 
 Capillary Zone Electrophoresis (CZE)-LIF. Separa-
tions were performed with a PA 800 plus Pharmaceutical 
Analysis System with LIF detection (AB SCIEX, Framingham, 
MA). This system was coupled to an external diode laser 
(56ICS426, Melles Griot, Carlsbad, CA) with a fiber optic 
cable (OZ Optics, Ottawa, ON, Canada).  The laser was oper-
ated at 3 mW with an emission wavelength of 440 ± 8 nm. 
The LIF detection module was modified with a 490 ± 15 nm 
band-pass filter (Omega Optical, Brattleboro, VT) to permit 
only the fluorescence emission band to reach the photomul-
tiplier tube. 
 LVSS-CE-LIF. Buffer solutions were prepared in DI wa-
ter to avoid impurities and minimize conductivity. We pre-
pared 250 mL of 280 mM MES buffer (pH 6.00) by dissolving 
14.6633 g of MES hydrate (4.7% H2O) in 200 mL of DI water, 
adjusting pH with 1.0 M NaOH, and then diluting to volume 
with DI water. A 10% (w/v) QAβCD solution was prepared by 
dissolving 0.0790 g of QAβCD in 0.790 mL of DI water. Addi-
tionally, we prepared 200 mM KBr by dissolving 2.39 g of KBr 
into 100 mL of DI water. The separation buffer with final 
concentrations of 60 mM MES (pH 6), 10 mM KBr, and 110 
ppm QAβCD, was prepared daily by mixing appropriate 
amounts of each component and DI water. Prior to use, buff-
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ers were degassed by sonication. Bare fused-silica capillaries 
(Polymicro Technologies, Phoenix, AZ) were used for all sep-
arations. The total/effective lengths of the capillaries were 
50/40 cm, with inner/outer diameters of 50/360 µm. All ca-
pillaries were treated with 0.1 M NaOH for 30 min prior to 
initial use. Further, all capillaries were sequentially rinsed 
with 0.1 M NaOH, DI water, and separation buffer for one 
min prior to each analysis. The separation buffer was replen-
ished prior to each separation. Whole capillary volume sam-
ple injection was performed hydrodynamically with a pres-
sure of 20.0 psi for one min. For both the LVSS and CZE sep-
aration methods, the voltage and temperature were -26 kV 
and 18 °C respectively. OriginPro 2015 software (Origin Lab 
Corp., Northampton, MA) was used for data analysis.   
Results and Discussion 
 Comparison of CZE and LVSS-CE Separation Per-
formance. An LVSS-CE-LIF technique was developed for the 
chiral analysis of D- and L-Asp, and D- and L-Glu. LVSS, also 
referred to as large-volume sample stacking with an elec-
troosmotic flow pump (LVSEP), leverages conductivity dif-
ferences between the sample and background electrolyte 
(BGE), as well as the reversal of the direction of electroos-
motic flow by BGE additives for sample stacking. The general 
principles of the stacking process, as well as information on 
other LVSEP methods and applications, have been well de-
scribed in the review by Kitagawa and coworkers.60  
 In this variant of LVSS-CE-LIF, the entire capillary is 
filled with low conductivity sample. Prior to separation, ana-
lytes are compressed to a narrow band by field-enhanced 
stacking. Due to large sample loading relative to CZE-LIF, 
the signal for each of the stacked analytes increases propor-
tionally, as opposed to being a function of electrophoretic 
mobility. This attribute of even signal gain is important in 
analyses where molecules of interest migrate near high mo-
bility system peaks. 
 A signal enhancement of 480 ± 12-fold (x̄ ± SD) was 
achieved using the LVSS-CE-LIF chiral analysis method, as 
determined by comparing triplicate inter-day measurements 
against those from CZE under equivalent capillary and buffer 
conditions (Figure 1 A, B). The relative standard deviations 
of the peak areas and migration times were comparable be-
tween the LVSS and CZE analyses (Table 1). Additionally, as 
seen in Figure 1C, the current profiles for both LVSS and 
CZE were stable and repeatable. The initial lack of current in 
the LVSS-CE current profile corresponds to the sample stack-
ing process. Following sample preconcentration, the ampli-
tude of the LVSS-CE-associated current is 97% of CZE cur-
rent under identical separation conditions. The difference in 
the current amplitudes for the two methods depends on the 
extent of surface coverage with QAβCD, which dynamically 
coats the capillary walls during the sample stacking process. 
 Once the method’s repeatability was established, we 
confirmed its ability to resolve the analyte signals from sys-
tem peaks. Figure 1D shows a representative electrophero-
gram from a single neuron from the F-cluster of Aplysia. D-
Glu was not observed in most of the analyzed neurons. How-
ever, when present, the developed LVSS-CE method well 
resolves D-Glu from system peaks, enabling detection at trace 
levels (Figure 2A). Our results demonstrate that the LVSS-
CE-LIF method is well suited for analyses of D- and L-Asp, as 
well as D- and L-Glu, in single neurons. Analyte peaks were 
identified by migration time, shape, and standard addition 

 
Figure 1. Comparison of CZE-LIF and LVSS-CE-LIF perfor-
mance. (A) CZE-LIF electropherogram from the analysis of D- 
and L-Asp, and D- and L-Glu by CZE. (B) CZE-LIF elec-
tropherogram from the analysis of D- and L-Asp, and D- and L-
Glu by LVSS. (C) Current profiles for CZE and LVSS separa-
tions (n=3 for each method). (D) Representative electropher-
ogram from the analysis of a single neuron from the F-cluster 
of the cerebral ganglion. Peaks in the electropherograms: (1) 
L-Asp, (2) D-Asp, (3) D-Glu, and (4) L-Glu.  
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experiments. As shown in Figure 2B, the D-Asp peak identi-
fications were also confirmed with enzymatic treatment of 
single cell extracts by the degradative enzyme D-AspO. 
 Effects of Inorganic Ions on Method Performance. It 
is often the case that single cell samples contain inorganic 
ions that can interfere with chemical measurements. These 
ions include those endogenous to the biological material 
itself, but also are often sourced from the solutions used for 
sample preparation (e.g., cell isolation or culture media). 
These solutions are frequently comprised of millimolar quan-
tities of inorganic ions, notably Na+ and Cl-. For this reason, 
we investigated the impact of both ions on the performance 
of the LVSS-CE-LIF method used here. 
 In this experiment, 10 nM standards of D- and L-Asp, and 
D- and L-Glu, were analyzed by LVSS-CE-LIF with increasing 
amounts of NaCl added. The impact of NaCl levels on the 
current profile is also shown in Figure S1A. Control LVSS-
CE-LIF measurements of 10 nM standards, and CZE-LIF de-
tections of 1 µM standards in the absence of the inorganic 
ions, are shown in Figure S1B. LVSS-CE-LIF analyses were 
able to tolerate the presence of up to 1 mM NaCl without 
detriment to signal intensity, migration time, and current 
profile. More substantial deteriorations of signal intensity 
and peak shape were observable with 10 and 100 mM NaCl, 
where 100 mM NaCl induced shifts in migration time. How-
ever, even under these conditions, LVSS-CE-LIF produced 
stronger signals for the analyzed standards as compared to 
CZE-LIF analyses of the same standards at two orders of 
magnitude greater concentrations (Figure S1B). The salt 
tolerance of this method is greater than similar LVSS ap-
proaches, typically in the low-mid µM range.61 The resulting 
signal enhancement and salt tolerance are attributed to a 
“double stacking” mechanism, the combination of field-
enhanced and sweeping stacking, as depicted in Figure 3. 
Substantial changes in the current profiles during stacking, 
and the analyte separation itself, were also observed with 10 
and 100 mM NaCl (Figure S2).  
 Although our LVSS-CE-LIF method tolerates high levels 
of salt, the observed effects of the presence of inorganic ions 
on method performance prompted the inclusion of a desalt-
ing step to our analytical protocol. Desalting ensures that all 
samples are devoid of salts as opposed to containing un-
known and variable amounts, affording more consistent mi-
grations times and signal enhancement. To this end, we de-
veloped a homemade SPE approach by packing a 200 µL pi-
pette tip with polystyrene-divinylbenzene. This bed material 
was selected because it was anticipated to interact strongly 

with the tagged amino acids, which undergo substantial in-
creases in hydrophobicity upon derivatization. The hydro-
phobic interactions between the cyanobenz[f]isoindole-
amino acids and the SPE bed material enable analyte reten-
tion and sample desalting. In order to evaluate the developed 
SPE approach, a stock solution containing 100 µM standards 
was diluted to achieve 10 nM levels, with reduced concentra-
tions of other compounds present in the derivatization mix-

Figure 2. Peak identification by standard addition or en-
zymatic degradation. (A) Electropherogram from the 
LVSS-CE-LIF analysis of a single neuron from the F-cluster 
of the cerebral ganglion with (Red) and without (Black) 
100 pM D-Glu spike. (B) Electropherogram from the LVSS-
CE-LIF analysis of a single neuron from the F-cluster of the 
cerebral ganglion with (Red) and without (Black) enzy-
matic treatment by D-AspO. The peak corresponding to 
D-Asp is degraded with enzymatic treatment. 

Table 1. The intra-day and inter-day repeatability of the CZE and LVSS methods. Relative standard deviations for 
peak areas and migration times for D- and L-aspartate, AND D- and L-glutamate (n = 3) are presented. 
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ture. SPE-treated and control (untreated) standards contain-
ing 10 nM of DL-Asp and DL-Glu were analyzed in triplicate. 
The current traces for the LVSS-CE-LIF analyses of SPE-
treated and diluted samples overlay well, and match the cur-
rent profile observed from the traces measured in the ab-
sence of added inorganic ions (Figure S3). The percent re-
covery (x̄ ± SD), calculated for each enantiomer individually 
as the ratio of SPE and diluted standard peak areas from trip-
licate measurements, were 63 ± 5% for D/L-Asp, and 74 ± 6% 
for D/L-Glu. Thus, the overall signal enhancement from the 
developed approach remained greater than two orders of 
magnitude in spite of losses from the desalting step.  
 LVSS-CE-LIF Analysis of Single Neurons. To demon-
strate the applicability of the developed approach for quanti-
fication, calibration plots over the range of relevant concen-
trations were constructed. The determined limits of detec-
tion were sub-pM, and R2 values were greater than 0.996 for 
each amino acid (Figure S4).  
 The contribution of analytes present in the extracellular 
media collected during single cell sample preparation was 
tested. We collected and analyzed 1 µL of media surrounding 
the neuron of interest, which is notably larger than what is 
typically transferred alongside a single cell during sampling. 
Even with this excessive volume, signals corresponding to < 5 
pmol L-Asp and L-Glu were detected, with no signals of D-
Asp and D-Glu observed (data not shown). Therefore, no 
significant influence from the extracellular media on the 
results of single cell analysis is expected. 
 Due to the irregular shape and complex morphology of 
the studied cells, volume determination by microscopy is 
complicated and inexact. For this reason, relative quantifica-
tion was performed where % of D-Glu (and % D-Asp) is relat-
ed to the total (L + D) Glu (and L + D Asp), where the variance 
of % D-AA is driven by the variance of the D-AA levels and 
not the less variable and consistently high concentrations of 

the L-forms. Multiple neurons from the F-, C- and B-clusters 
of the Aplysia cerebral ganglion were measured individually 
(Figure 4). Although all three of these clusters were shown 
to stain positively for DAR1 protein, a large range of % D-Asp 
contents was apparent (Figure 4A). The % D-Glu was much 
lower than % D-Asp in all studied cells. Interesting, unlike D-
Asp, D-Glu-containing neurons were found only in the F- and 
C-clusters (Figure 4B). Additionally, as can be seen in Fig-
ure 4, neuronal sub-populations are observable within the 
datasets. 
 None of the analyzed neurons demonstrated % D-Asp 
outside of the inner fence values (Figure S5A). Analysis of 
entire F-clusters from animals of varied sizes, and thereby 
varied ages, found an anticipated age/size-dependent in-
crease in % D-Asp (Figure S6). With regard to % D-Glu, sev-
eral neurons fell outside the inner fence values (Figure S5B). 
Additionally, the mode for % D-Glu datasets for each cluster 
equals 0. Taken together, the identified “outlier” cells are 
neurons with notably different D-AA content from the others 

Figure 3. Depiction of the sample stacking process in the 
LVSS variant. The D-AAs (Red) and L-AAs (Blue) are 
stacked together (shown as Purple); the chiral separation 
initiates once Regions I and II are excreted from the ca-
pillary inlet by electroosmotic flow. Region I: This re-
gion of the capillary contains low conductivity sample 
matrix (devoid of analyte as the acidic amino acids have 
migrated to Region II). Region II: This is the boundary 
between the low conductivity sample and high conduc-
tivity BGE. Upon reaching this boundary, analytes are 
exposed to a lower separation potential as well as sweep-
ing towards the inlet when complexed with the cationic 
cyclodextrin additive. Region III: High conductivity 
BGE containing the chiral additive QAβCD.

 
Figure 4.  Scatterplots of (A) % D-Asp and (B) % D-Glu 
measured in individual neurons from the F-, C-, and B-
clusters of the cerebral ganglion; each point corresponds 
to a single cell. Number of single neurons analyzed per 
cluster, sample size (n): F-cluster = 15, C-cluster = 17, B-
cluster = 16.
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in the dataset — in this case, the rare D-Glu containing neu-
rons.   
 No correlation between the relative levels of the two D-
AAs is apparent (Figure 5). This lack of correlation suggests 
that individual cell-specific accumulation of D-AAs can be 
involved in the observed phenomenon. Also, different en-
zymes may be involved in the synthesis of these structurally 
similar D-AAs. As an example, the presence of another en-
zyme capable of synthesizing D-AAs in A. californica, DAR1L, 
was recently shown.45 However, the cellular distribution of 
DAR1L in the Aplysia CNS, as well as the possible existence 
and localization of other enzymes that may play a role in the 
synthesis and degradation of D-AAs, remain unknown. 
 How confident are our assignments? The LVSS-CE-LIF 

approach was validated with measurements of D-Asp in sin-
gle Aplysia neurons known to express the enzyme DAR1. 
Following peak identification by migration time and stand-
ard addition, enzymatic digestion by D-AspO was used to 
demonstrate that the measured values indeed correspond to 
D-Asp, and not a co-migrating peak. With regard to D-Glu, 
challenges associated with enzymatic treatment of this low- 
abundance analyte in single cell samples, combined with this 
enzyme’s lower efficiency in eliminating D-Glu, prevented us 
from confirming the peak identity via an enzymatic test. 
Thus, our identification of D-Glu was based on migration 
time, peak shape, and standard addition. Although peak 
identifications as done here for D-Glu and by others for vari-
ous D-AAs34 can be effective, they should be considered ten-
tative.   
 
Conclusions 
Neurochemistry tends to be conserved across the metazoan 
and the presence of D-AAs appears to follow this trend. D-Glu 
has been measured at 0.5% in the rat brain,32 and immunocy-
tochemical staining identified the sparse presence of D-Glu-
containing cells (< 1%) in several regions of the rat brain.33 
Our data support the idea of sparse D-Glu presence in the 
CNS, making it an intriguing and important molecule to un-

derstand. The ability to carry out single cell studies is im-
portant when analyzing chemical species such as D-Glu, 
which are heterogeneously distributed between cells in the 
targeted biological structure. The herein described variant of 
LVSS-CE-LIF enables analyses of both enantiomeric forms of 
aspartate and glutamate in single neurons, with an over two 
orders of magnitude sensitivity enhancement compared to 
the traditional CZE-LIF approach. The efficacy of the tech-
nique was validated by analyses of D-Asp and D-Glu in indi-
vidual neurons from defined clusters of the cerebral ganglion 
of A. californica. Significant differences in relative contents of 
D-Asp and D-Glu between studied cells of differing origin 
were readily identified. Based on a rough estimation of cell 
size and signal intensity, the levels measured in these cells 
correspond to low μM concentrations of D-Glu and high μM 
to low mM concentrations of D- and L-Asp, as well as L-Glu. 
The ability to measure D-Glu in single neurons will aid efforts 
in characterizing this enigmatic D-AA, which exhibits low 
abundance and a heterogeneous distribution.  
 Robust D-AA measurements make use of ancillary ap-
proaches such as analyte-specific enzymatic treatment as 
shown here, or some excellent examples from the 
literature.26,29,46,54 Employing multiple analytical techniques 
to measure the same analytes from the same samples can 
provide greater confidence for such measurements.62 Unfor-
tunately, these ancillary approaches are not always effective 
for single cell measurements. Our group and others have 
worked on single cell CE–MS,63-71 but these approaches need 
to be adapted for chiral measurement. Until then, the results 
reported here, and similar studies lacking ancillary confirma-
tion for their analytes, are unconfirmed and require follow-
up studies. 
 Future work will involve more in-depth single cell anal-
yses in Aplysia and other models, including smaller mamma-
lian brain cells, for the purposes of identifying neurons that 
utilize D-Glu for signaling, and for follow-up studies aimed at 
discovering enzyme(s) involved in its biosynthesis.  
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