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The use of single-cell assays has emerged as a cutting-edge technique
during the past decade. Although single-cell mass spectrometry (MS)
has recently achieved remarkable results, deep biological insights
have not yet been obtained, probably because of various technical
issues, including the unavoidable use of matrices, the inability to
maintain cell viability, low throughput because of sample pretreat-
ment, and the lack of recordings of cell physiological activities from
the same cell. In this study, we describe a patch clamp/MS-based
platform that enables the sensitive, rapid, and in situ chemical
profiling of single living neurons. This approach integrates modified
patch clamp technique and modified MS measurements to directly
collect and detect nanoliter-scale samples from the cytoplasm of
single neurons in mice brain slices. Abundant possible cytoplasmic
constituents were detected in a single neuron at a relatively fast rate,
and over 50 metabolites were identified in this study. The advantages
of direct, rapid, and in situ sampling and analysis enabled us to
measure the biological activities of the cytoplasmic constituents in a
single neuron, including comparing neuron types by cytoplasmic
chemical constituents; observing changes in constituent concentrations
as the physiological conditions, such as age, vary; and identifying the
metabolic pathways of small molecules.
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Single-cell genomic, proteomic, and metabolic studies have
attracted increasing attention with the development of single-

cell technologies, such as flow cytometry (1–3), single-cell PCR (4,
5), single-cell RNA sequencing (6–8), immunofluorescence (9, 10),
and electrochemistry (11, 12). Single-cell analysis has become in-
creasingly important in biology, especially in neuroscience research,
because neurons are specialized cells with a huge diversity of shapes,
connections, and anatomical, electrophysiological, and biochemical
properties (13–17). Single-cell chemical profiling could further the
current understanding of biological variability and differential sus-
ceptibility to disease and treatment, as well as heterogeneity among
similar cells (18, 19). Most of currently available single-cell tech-
niques require the chemical of interest (usually large molecules, such
as DNA, RNA, and proteins) to be labeled, amplified, or electro-
chemically detectable (4, 6, 10, 12). In addition to these large mol-
ecules, small molecules, such as lipids, saccharides, transmitters, and
metabolites, play critical roles in cells, including neurons (20).
However, detecting small molecules in a single cell remains chal-
lenging because the lack of proper labeling methods is still beset with
seemingly insurmountable difficulties.
Advances in mass spectrometry (MS), especially in matrix-

assisted laser desorption ionization MS (MALDI-MS) (21) and
electrospray MS (ESI-MS) (22), have enabled the direct and
accurate measurement of a massive number of chemicals si-
multaneously in biological samples, without the need for specific
labeling or amplification techniques. Because the size of cells is
quite limited, most MS approaches for single cells are based on

MALDI-MS (23–25). MALDI-MS helped to discover hundreds
of novel brain peptides, tens of which have been reported to be
biologically active and related to animal behavior and functioning in
models from arthropods and nematodes to mollusks (26). Indeed,
whereas a laser/ion beam can be easily focused on a tiny spot, the
utilization of organic chemical matrices could lead to an inability to
maintain cell viability before MS measurement (24, 25). Much effort
has been devoted to the collection of raw cytoplasm from living cells,
such as by directly drawing the cytoplasm from a cell using a mi-
cropipette (27–29). The application of patch clamp technique com-
bined with capillary electrophoresis (CE) separation would provide
enhanced dynamic range and high sample coverage (30). Although
MS analysis of single cells has been reported, greater impact on the
biological sciences, especially in neuron research, would be antici-
pated if vast scale assays of single live cells could be accomplished
with a much higher throughput (23, 31). Thus, we aimed to develop
a rapid and convenient MS assay for living neurons for in situ
chemical interpretation that does not require a chemical matrix,
facilitates maintaining cell viability, improves the analysis speed, and
monitors physiological activity from the same cell.
In this study, by integrating modified single-cell techniques, such

as enhanced nanoESI/MS and patch clamp electrophysiological
recording of brain slices, we detected abundant cytoplasmic me-
tabolites. We identified more than 70 of the detected molecules in
onion epidermal cells and mouse brain neurons. The key features of
the modified nanoESI/MS, termed as induced nanoESI (InESI)
(32), are the ability to provide a stable MS signal for concentrated
salt solutions and to overcome severe ion suppression effects as well
as matrix effects (33); these characteristics are indispensable for in
situ ESI/MS of the raw cytoplasm. Moreover, by modifying the
composition of the micropipette solution, we established an MS
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protocol compatible with the patch clamp electrophysiological
technique for single-cell chemical profiling and the coinstantaneous
recording of neuronal activity. Furthermore, our single-neuron
chemical MS technology allowed us to reveal and analyze the
metabolic processes of intracellular constituents in single neurons.
Finally, this technique may also allow us to investigate chemical
changes in the content and metabolism of intracellular small mol-
ecules at the single-cell level during physiological processes, such as
growth and development, or pathological processes, such as de-
pression, dementia, inflammation, cancer, and other diseases.

Results
Continuous Analysis of Concentrated Salt Solution at Subpicoliter
Level. Fig. 1A and SI Appendix, Fig. S1 show the overall con-
cept and workflow of the direct analysis of the cytoplasm of
single cells with InESI. A core feature of the InESI technique is to
avoid clogging, using concentrated electrolyte solutions, such as
cerebrospinal fluid (CSF) solution. The alleviation of the matrix
effect (i.e., improved signal-to-noise ratio) is also critical for in situ
single-cell analysis. Its lower flow rate, which is more suitable for
small-volume samples, would be beneficial for the direct analysis of
single-cell cytoplasmic chemical constituents via InESI. We applied
an alternating current (AC) voltage with an amplitude of 3 kV at
∼200 Hz at an electrode outside spray emitter to drive the pulsed
ESI process (a detailed description of the power supply and pro-
tocol can be found in Materials and Methods). An artificial CSF
(aCSF) solution diluted with NH4HCO3-NH4Cl (1:1) dramatically
decreased theMS signal obtained by conventional nanoESI because
total clogging of the spray emitter occurred within ∼60 s. However,
using the same aCSF solution, the MS signal produced by InESI
remained stable for over ∼24 min (Fig. 1 B and C and SI Appendix,
Fig. S2), which is sufficient to allow for the direct MS measurement
of cell cytoplasm without sample pretreatment. Using InESI, we
measured the chemical constituents of a single epidermal cell from

Allium cepa bulbs (SI Appendix, Figs. S3 and S4). The major me-
tabolites we detected were consistent with previous studies (34, 35),
indicating that our InESI technology could be applied for single-
cell analysis.

Cytoplasmic Chemical Identification and Monitoring of Physiological
Activity in the Same Single Neuron. For single-neuron studies,
obtaining both chemical profiles and other biological informa-
tion in a single assay is desirable. One of the most widely used
electrophysiological assays for single neurons—the patch clamp
technique—uses a glass micropipette as a recording electrode;
such a micropipette is also used in InESI as the spray emitter.
Thus, in this study, we combined the patch clamp electrophysio-
logical assay and InESI/MS to achieve both chemical profiling and
electrophysiological recording (Fig. 2A).
In brief, this protocol included patching the cell, recording the

electrophysiological signal, and performing the MS measurement (a
detailed procedure can be found inMaterials and Methods). Next, we
applied this protocol to single neurons from mouse brain slices. To
avoid possible chemical decomposition, total time from cell patch to
MS measurement was restricted to ∼3 min. (Fig. 2A). Typical neu-
rotransmitters in a single hippocampal neuron, such as Glu, GABA,
dopamine, and acetylcholine, could be confirmed in a single assay.
Some other known constituents could also be identified with high-
resolution MS, such as glycine, choline, and Gln (Fig. 2B). A total of
54 chemical compounds were confirmed in the cell cytoplasm (SI
Appendix, Fig. S6, and SI Appendix, Table S2). The extracellular fluid
was drawn into the patch micropipette by applying negative pressure
when the pipette tip was placed ∼2 μm from the neurons and used as
a control sample; the metabolites noted above were not observed in
this sample (SI Appendix, Fig. S7).
Electrophysiological signals from the same single neuron could

be obtained before MS measurement (Fig. 2C). However, in this
study, the conventional pipette solution was replaced with a
NH4HCO3-NH4Cl solution because the presence of high con-
centrations of inorganic and organic salts, including NaCl, KCl,
CsCl, and 4-(2-hydroxyethyl)–1-piperazineethanesulfonic acid
(Hepes), in the conventional pipette solution (CPS) induced in-
tensive ion suppression and salt effects on MS detection, which
severely decreased the signal intensity of the analytes (SI Appendix,
Figs. S8 and S9). To test whether the alternative pipette solution
(APS) affected neuronal function during recording, the electro-
physiological signals [such as the spontaneous excitatory post-
synaptic current (sEPSC) and spontaneous inhibitory postsynaptic
current (sIPSC) signals, which reflect neuronal physiological activ-
ity] were recorded and compared between the CPS and APS. The
results revealed no significant differences in the frequency or am-
plitude of the sEPSC and sIPSC signals between the two pipette
solutions (Fig. 2C and SI Appendix, Fig. S10).

Concentrations of Cytoplasmic Chemical Constituents in Single Neurons
from Different Brain Areas and Subtypes. The amino acid Gln and its
two metabolites, Glu and GABA, were measured in four brain
areas: the nucleus accumbens (NAc), hippocampus (HPC), dorsal
striatum (CPU), and the amygdala (AMY) (Fig. 3A and SI Ap-
pendix, Fig. S11). No differences in the Gln and Glu concentration
in a single neuron were observed in these brain areas. However, the
intensity of the GABA signal and the GABA/Glu ratio were sig-
nificantly lower in the HPC than in the NAc or CPU (Fig. 3 A–C),
consistent with the traditional view that most neurons are gluta-
matergic in the HPC but GABAergic in the NAc and CPU. Sur-
prisingly, the Glu intensities were similar in these brain areas. The
single-cell neuronal level of Glu in the HPC was even slightly lower
than that in the NAc (Fig. 3A), suggesting that the Glu concen-
tration may be the same in excitatory and inhibitory neurons.
Consistent with this idea, in the HPC of transgenic vesicular GABA
transporter-green fluorescent protein (vGAT-GFP) mice, both the
vGAT-expressing (GABAergic) and non–vGAT-expressing (non-
GABAergic) neurons have the same single-neuronal level of Glu
after false discovery rate correction. (Fig. 3 D and E and SI Ap-
pendix, Fig. S12).
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Fig. 1. Overall concept of the direct analysis of the cytoplasm from a single
cell with induced nanoESI (InESI, Left) and conventional nanoESI (Right).
(A) Schematic (Top) and clogging phenomenon (Down) of InESI and con-
ventional nanoESI. (B) For an aCSF solution diluted with NH4HCO3-NH4Cl
(1:1), the MS signal remained stable over ∼24 min for InESI but only ∼60 s for
conventional nanoESI. (C) MS spectra of an aCSF solution diluted with
NH4HCO3-NH4Cl (1:1) at different times.
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Changes in the Levels of Cytoplasmic Chemical Constituents at
Different Stages of Brain Development. Previous reports suggest
that the levels of amino acid neurotransmitters tend to decrease
with age (36, 37). Using single-cell MS, we investigated this idea
at the single-neuron level. We found that the concentrations of
both Gln and Glu significantly decreased from P1-P2 to P17-P20
in almost all brain areas (Fig. 4 A, C, and D and SI Appendix, Fig.
S13). However, the single-neuronal levels of GABA decreased
significantly in the HPC and CPU but only slightly in the NAc
and AMY from P1-P2 to P17-P20 at a false discovery rate (FDR)
of q < 0.05. (Fig. 4B and SI Appendix, Fig. S13).
The Gln-Glu-GABA cycling pathway has been thoroughly

studied in brain tissues (38, 39). Using single-cell mass

spectrometry, we determined the relationship between the sin-
gle-neuronal levels of Gln and Glu or Glu and GABA in various
brain areas (the NAc, HPC, AMY, and CPU) in mice of dif-
ferent ages. Our results indicated that the single-neuronal levels
of Gln and Glu or Glu and GABA were well correlated in all four
brain areas in newborn mice (P1-P2) but not in child/adolescent
mice (P17-P20) (Fig. 5 and SI Appendix, Figs. S16 and S17). Our
results suggest that the Gln-Glu-GABA pathway may be the pre-
dominant metabolic pathway in Glu and GABA biosynthesis during
the early stage but not the late stage of brain development.

Analysis of Chemical Metabolism in Single Neurons via 13C-Labeling.
Labeling with 13C-isotope is a powerful tool to study in vivo
chemical metabolism. For instance, it could be used to identify the
Gln-Glu-GABA metabolic pathway at the single-neuron level.
Brain slices were incubated with 1, 2-13C2–labeled Gln (0.4 mM) in
aCSF for 2 h. Then, the neurons were patched, and the intracellular
solution was extracted and analyzed by InESI/MS. The results
revealed a significant increase in the 1, 2-13C2-Glu/Glu ratio and the
13C-GABA/GABA ratio in neurons from NAc and HPC (false
discovery rate, q < 0.05) (Fig. 6 and SI Appendix, Figs. S18 and S19),
indicating the conversion of Gln to Glu and GABA in these
neurons.

Discussion
Unless some key problems associated with ESI MS are solved,
rapid and in situ MS interpretation directly from the cytoplasm
would remain difficult, and its impact in the biological sciences,
especially in neuroscience, remains limited. Specifically, three major
obstacles affect in situ chemical interpretation using ESI MS: con-
centrated electrolytes (raw cell cytoplasm), the flow rate (small
volume samples), and the salt tolerance (complexity of the cell cy-
toplasm). MS response of cytoplasm obtained by conventional
nanoESI technique decreases within ∼1 min (Fig. 1), with un-
predictable run-to-run variations. In contrast, the response obtained
using InESI MS remained stable for over 20 mins, which was es-
sential for distinguishing differences between cells. Furthermore,
this relatively long period of stability would facilitate conducting
massive tandem MS identifications in single cells. Thus, in situ MS
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measurements in the cell cytoplasm could be achieved without any
sample pretreatment for either pure solvent (SI Appendix, Fig.
S20A) or cytoplasm of a single onion cell (SI Appendix, Fig. S20B).
“Real-time” chemical profiling of single neurons requires rapid

sampling and identification. In addition to the MS assay (the
identification technique), the sampling technique should also be
rapid and accurate. Thus, we applied patch clamp technology, which
is typically used to determine physiological activity, at a relatively
high sampling rate in single neurons. In addition, information about
the cellular status is also critical to avoid artifacts. For the same cell,
we accomplished the successful collection of both electrophysio-
logical signals and chemical profiling in “real time” (within ∼300 s).
We also found that neurons with abnormal electrophysiological
signals could result in atypical chemical profiling, most likely be-
cause an unknown biological pathway is active in unhealthy cells.
Recent advances in single-cell technologies, such as transcriptomic

sequencing, have produced new insights for the discovery and clas-
sification of cell types in the brain (1, 40, 41). However, these neuron
phenotypes were classified according to their RNA sequences and
related animal behaviors. The present study suggests that the in-
tegration of MS with single-cell fluidics may extend the number of
parameters that can be measured and used to classify cell types. An
example is the diverse intracellular chemical composition found in
different brain areas (Fig. 3). Thus, the technology described here
may represent a means of classifying different cell types by identi-
fying the chemical compositions and concentrations in single neu-
rons. In this study, we found abundant molecules in individual
neurons, but only a few of them (>50) have been identified to date.
However, as MS technology continues to develop, increasing num-
bers of chemicals in cells will be identified, and precise neuron
classification will be achievable using our single-cell MS technology.
Of all of the chemicals identified in neurons, Glu and GABA are

usually two of the most important excitatory and inhibitory neuro-
transmitters. Recently, a growing number of studies using a com-
bination of electrophysiological, immunohistochemical, and
optogenetic techniques have shown that Glu and GABA may
coexist and be coreleased from a single-neuron terminal (42–44). Our
findings provided supporting evidence of the coexistence of Glu and
GABA in the soma of all neuron types (both excitatory and in-
hibitory). Certainly, the most direct proof should be the coexistence
of Glu and GABA in a single vesicle of the neuron terminals, where
the neurotransmitters actually release. However, it needs innovation

of patch clamp methods or introduction of other new technologies to
directly sample from single vesicles in the neuron terminals.
In addition to the coexistence of Glu and GABA, consistent

with previous studies reporting age-dependent changes in
multiple neurotransmitter systems in brain tissue (36, 37), we
also found that the concentrations of amino acids neurotransmit-
ters, including Glu and GABA, in single cells decrease with age.
Interestingly, we observed that the correlation among single-cellular
Gln, Glu, and GABA is much more significant in infants than that
in children or adolescents. These results may suggest a possibility
that the Gln-Glu-GABA pathway may be the predominant bio-
synthetic pathway for Glu and GABA in the brains of newborn
mice, but this situation may change during brain development.
However, it should be noted that the concentrations of Glu and
GABA, as neurotransmitters, are determined not only by their
biosynthesis but also by their terminal release and uptake (45). The
glial cells and the process of myelination may also change with age
and influence the intracellular levels of transmitters (46, 47).
Therefore, further study of relationship between age and the Gln-
Glu-GABA biosynthetic pathway is needed.
We then investigated the Glu/GABA conversion pathway in

neurons in greater depth. The present method allows us to study the
metabolic pathway at the single-cell level using 13C-labeling, which
is a conventional method in metabolomics (39, 48, 49). However,
the 13C-labeling approach has generally been used for tissue anal-
ysis (for a large number of cells). In this study, we introduced
13C-labeling for studying single-neuron metabolism. To this
end, we added 13C-labeled Gln to the extracellular solution and
eventually observed 13C-labeled Glu and GABA in a single neu-
ron. Our experiments revealed that 13C-labeling can be a powerful
tool for validating a known metabolic pathway or identifying
metabolites at the single-cell level. Further developing this tech-
nology and identifying more intracellular chemicals will eventually
allow for the study of single-cell metabolomics.
In summary, a modified patch clamp setup was combined with

InESI/MS. The modified patch clamp setup allowed monitoring
of the neuronal physiological activity, which indicated the viability
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of the target cell for subsequent MS analysis. InESI facilitates
direct MS analysis without sample pretreatment, thereby greatly
helping the throughput. The initial results obtained in this study
indicate that this technique is suitable for rapid and accurate
chemical profiling of the cytoplasmic constituents of a single
neuron and its biological activity. Thus, this method can be used to
study neurochemistry, such as localization, alteration, and metabolism,
in single living cells rather than in cell lysates. Further developing the
patch clamp assay and MS measurement will eventually allow our
single-cell technology to be established as a useful tool in neuroscience
research, for example, for neuron classification, single-cell metab-
olome identification, and biomarker screening for brain disorders.
Furthermore, it might potentially be beneficial for life science studies
as a whole, including cell biology, pharmacology, pathology, and tox-
icology, at the single-cell level.

Materials and Methods
Animals. All animal experiments were approved by the Institutional Animal
Care andUse Committee of the University of Science and Technology of China
(USTC). Allmiceweregroup-housed ingroupsof 2 to5witha12-h light/dark cycle
(lights off at 7 PM) and food and water available ad libitum. Male C57BL6/J mice
were used for both the sampling and recording experiments. In contrast, male
vGAT-ChR2-EYFP line 8mice (P17 to P20) were used for the sampling experiments
only. The C57Bl6/J mice were purchased from the Slack Laboratory Animal LLC.
vGAT-ChR2-EYFP line 8 (vGAT-ChR2) mice with the C57Bl6/J genetic background
were obtained from Zhi Zhang of University of Science and Technology of China.
Genotyping of the VGAT-ChR2-EYFP line 8 mice was performed using the fol-
lowing primers: forward: 5′ACCCTTCTGTCCTTTTCTCC-3′; reverse: 5′-GCAAGG-
TAGAGCATAGAGGG-3′. All experimental mice were produced from breeding
pairs of C57Bl6/J or vGAT-ChR2 mice. Experimenters were blinded to all experi-
mental conditions until all data were collected. Unless otherwise specified, the
mice were randomly assigned to experimental groups.

Chemicals. All pharmacological agents were purchased from Sigma-Aldrich. A
paclitaxel (PTX) stock solution (100 mM) was prepared in dimethyl sulfoxide
(DMSO) and diluted in aCSF to a final concentration of 100 μM before use. The
PTX stock was kept at ‒20 °C. Kynurenic acid [a solid at room temperature (RT)]
was directly added to the aCSF and diluted by ultrasonic treatment. A solution of
1,2-13C2-Gln was diluted in aCSF before use. Slices were incubated with drugs in
either the recording chambers or the maintenance chambers, as necessary.

Brain Slice Preparation. The HPC, AMY, CPU, NAc, and PFC slices were pre-
pared from C57BL6/J mice aged P1-P2 and P17-P20. HPC slices were prepared
from VGAT-ChR2 mice aged P17-P20. The mice were killed by decapitation,
and the brains were quickly removed and immersed in ice-cold

preoxygenated cutting solution containing 194 mM sucrose, 30 mM NaCl,
26 mM NaHCO3, 1 mM MgCl2, 10 mM glucose, 4.5 mM KCl, and 1.2 mM
NaH2PO4, pH 7.4. Coronal sections (300 μm) were cut using a Vibratome (VT
1200S). The tissue slices were incubated in a holding chamber containing
oxygenated (95% O2 and 5% CO2) aCSF, which consisted of 124 mM NaCl,
26 mM NaHCO3, 4.5 mM KCl, 1.2 M NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, and
10 mM glucose (final pH, 7.4; osmolality, 315 mOsm kg−1). The slices were
incubated at 32 °C for ∼30 min and then cooled to RT (21–23 °C) at least 30
min before the experiment.

Electrophysiological Recording. Neurons were visualized using a fixed-stage
microscope (BX50WI, OLYMPUS) with differential interference contrast and in-
frared illumination. Neurons that were clearly visualized and had a smooth
surface and good refractivity were chosen for the assay. We obtained all whole-
cell patch clamp recordings at 28 °C using borosilicate glass pipettes (long taper:
7–9 mm; opening: 1–2 μm) filled with internal solutions. The micropipette tips
were custom-made using filamented borosilicate glass capillaries (BF150-86–10,
Sutter Instruments). sEPSCs and sIPSCs were recorded as described previously (50,
51), with detailed settings described in SI Appendix, Fig. S1.

Single-Neuron Sampling Procedure.After the slices recovered frommechanical
injury or drug incubation, they were transferred to the recording chambers.
We chose neurons as previously described for electrophysiology recording.When
samplingHPC slices of vGAT-ChR2mice, fluorescent cellswere visualizedwith blue
light excited by a mercury lamp (U-RFL-T, OLYMPUS). We designated the HPC
fluorescent cells as “vGAT” and other HPC neurons with no fluorescence as “non-
vGAT.” We approached the neuron with a micromanipulator (MP-285, Sutter)
and patched the neuronal cell body with borosilicate glass pipettes filled with
APS by applying negative pressure. After the patched membrane was broken by
rapidly applied negative pressure, the neurons were clamped at ‒70 mV as
above using glass pipettes filled with APS. After the electrophysiological data
were recorded, the cytoplasmic chemical constituents were obtained from the
assayed neuron by applying negative pressure. Only neurons with tightly held
seals (>1 GΩ) and nonruptured membranes were collected for analysis, ensuring
that the intracellular fluid was not diluted by aCSF. Once a sufficient amount of
material was withdrawn from the cell, the patch pipette was quickly removed
from the slice and then assayed via MS.

Experiments Using 13C2-Gln. To trace Gln metabolism, 1,2-13C2-Gln was added to
another maintenance chamber to a final concentration of 0.4 mM. After the
slices recovered frommechanical injury, they were transferred to 1,2-13C2-Gln in
aCSF and incubated for 2 h. Drug-treated slices were also recorded without
1,2-13C2-Gln in subsequent sampling experiments. Other experimental proce-
dures were the same as for single-neuron sampling.

Instrument for InESI and MS. After extraction of the cell cytoplasmic chemical
constituents, the capillary was coupled to the InESI device, which had been
fabricated as previously described (32) (SI Appendix, Fig. S1). An AC voltage
with an amplitude of 3 kV at ∼200 Hz was applied outside of the spray
capillary micropipette. The tip of the micropipette was placed ∼5 mm away
from the orifice of the MS instrument. Mass measurements were collected
using an Orbitrap MS and a LTQ Velos Pro. MS instruments (Q-Exactive,
Thermo Scientific). All measurements (InESI and conventional nanoESI) used
borosilicate glass pipettes (long taper: 7–9 mm; opening: 1–2 μm).

Electrophysiology Data Analysis. The electrophysiology data were acquired
using anAxonMultiClamp 700B amplifier (Molecular Devices, AXON), filtered
at 3 kHz and digitized at 10 kHz using an Axon Digidata 1500A digitizer
combined with pCLAMP 10.4 software. Data detection was accomplished
using MiniAnalysis software.

MS Data Analysis. Metabolite identification was based on accurate mass mea-
surements, isotopic profiles, metabolic databases (Plant Metabolic Network da-
tabase: plantcyc.org/, Human Metabolome Database: www.hmdb.ca/), and
matching tandemmass spectral data from endogenous substances with those of
chemical standards when available. To exclude data with faulty assignments, the
masses of the signals (SI Appendix, Tables S1 and S2) must be present in the
spectrum with a mass deviation lower than 15 ppm. In addition to these two
methods, chemical assignments were also verified by comparing the MS/MS
spectra to those obtained from commercially available standards (MS/MS results
of some typical metabolites in neurons are shown in SI Appendix, Fig. S6).

Calibration with External Standards and Reproducibility of the Method. Esti-
mations of Glu, Gln, and GABA levels in neurons were calculated from
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Fig. 6. Identification of the Gln metabolic pathway by 13C-labeling in single
neurons. MS spectra of 13C2-Gln,

13C2-Glu, and
13C-GABA in single neurons

from the NAc (A) and HPC (C) with or without preincubation of 13C2-Gln.
The data shown reflect the percent increases in the 13C2-Gln/Gln,

13C2-Glu/Glu, and
13C-GABA/GABA ratios in single neurons from the NAc (B, 24 neurons without
preincubation of 13C2-Gln from three mice and 20 neurons with preincubation of
13C2-Gln from three mice) and HPC (D, 22 neurons without preincubation of
13C2-Gln from three mice and 20 neurons with preincubation of 13C2-Gln from
three mice) with or without 2-h incubation of 13C2-Gln (0.4 mM) (P < 0.05
correlated by false discovery rate). *** denotes P < 0.001, ** denotes P < 0.005.
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calibration curves with external standards as shown in SI Appendix, Fig. S14.
All above calibrations were obtained with artificial intracellular solution:
potassium gluconate 130 mM, NaCl 6 mM, EGTA 11 mM, Hepes 10 mM, CaCl2
1 mM, NaOH 4 mM, MgCl2 1 mM, Mg-ATP 2 mM, and Na-GTP 0.2 mM
(pH was adjusted to 7.3; osmolality was adjusted to 296 mOsm kg−1 with
sucrose). The mean levels in NAc neurons of P17-P20 mice were found to be
28.9 μM for GABA, 1.96 mM for Glu, and 92.7 μM for Gln. Nine repeated
measurement in continuous 3 days were conducted to illustrate the re-
producibility of the present method for GABA, Glu, and Gln, with interday
RSDs ranged from 1.10 to 10.92% and intraday RSDs from 2.68 to 4.82%.
Discussion about quantitation using internal standards was also included in
SI Appendix, Fig. S15.

Statistics. In all experiments, the cells were evenly suspended and then
randomly distributed in each tested well. Average values are expressed as the
mean ± SEM. The data distribution was assumed to be normal, but this as-
sumption was not formally tested. Data were statistically compared using an
unpaired t test in GraphPad Prism 5.0, as indicated in the specific figure

legends. P < 0.05 was considered significant. To account for multiple com-
parisons, P values were adjusted using the Hochberg and Benjamini false
discovery rate (FDR) at q = 0.05 to distinguish statistically significant me-
tabolites (52). The data were collected and processed randomly.
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