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Abstract
The renin-angiotensin system (RAS) of the brain produces a series of biologically active angiotensinogen-derived peptides
involved in physiological homeostasis and pathophysiology of disease. Despite significant research efforts to date, a compre-
hensive understanding of brain RAS physiology is lacking. A significant challenge has been the limited set of bioanalytical
assays capable of detecting angiotensin (Ang) peptides at physiologically low concentrations (2–15 fmol/g of wet tissue) and
sufficient chemical specificity for unambiguous molecular identifications. Additionally, a complex brain anatomy calls for
microanalysis of specific tissue regions, thus further taxing sensitivity requirements for identification and quantification in studies
of the RAS. To fill this technology gap, we here developed a microanalytical assay by coupling a laboratory-built capillary
electrophoresis (CE) nano-electrospray ionization (nano-ESI) platform to a high-resolution mass spectrometer (HRMS). Using
parallel reaction monitoring, we demonstrated that this technology achieved confident identification and quantification of the
Ang peptides at approx. 5 amol to 300 zmol sensitivity. This microanalytical assay revealed differential Ang peptide profiles
between tissues that were micro-sampled from the subfornical organ and the paraventricular nucleus of the hypothalamus,
important brain regions involved in thirst and water homeostasis and neuroendocrine regulation to stress. Microanalytical CE-
nano-ESI-HRMS extends the analytical toolbox of neuroscience to help better understand the RAS.

Keywords Capillary electrophoresis . Nano-liquid chromatography . High-resolution mass spectrometry . Parallel reaction
monitoring . Angiotensin . Renin-angiotensin system . Peptidomics . Mouse . Subfornical organ . Paraventricular nucleus

Introduction

The classical renin-angiotensin system (RAS) plays a critical
role in maintaining cardiovascular and fluid homeostasis. As
illustrated in Fig. 1a, the RAS produces angiotensin (Ang)
peptides by enzymatic cleavages from angiotensinogen (Ang
T) [1–3], which have many physiological roles involved in

cardiovascular homeostasis (e.g.., fluid balance) and disease
processes (e.g., hypertension) [2–4]. Ang II, a metabolic prod-
uct from Ang I and principle effector peptide, has long been
known for its role in renal and blood pressure regulation in
peripheral organs while much less is understood regarding the
role of Ang peptides in the brain [4–7]. For example, the brain
RAS and Ang peptides have been implicated in broad types of
neurobiological processes [8–11] including neuroendocrine
and metabolic regulation, neuronal function, memory, cogni-
tion, emotional responses to stress, and cerebral blood flow
regulation [9, 10, 12]. The receptor subtypes (AT1R, AT2R,
AT4R, MasR) that modulate the physiological effects of Ang-
derived peptides are differently distributed in the brain [12],
thus raising intriguing questions about their respective physi-
ological and neurobiological roles [2, 13]. Furthermore, bio-
active roles have been identified for other Ang peptides, in-
cluding Ang III, Ang IV, and Ang 1–7 [14–16]. Despite these
significant research efforts and progress to date, there is still
much to be learned about brain RAS physiology and patho-
physiology [6, 17].
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Currently, only a limited array of technologies is available
for Ang peptides at physiologically relevant concentrations.
Liquid chromatography (LC) radioactive immunoassay (RIA)
[18] is highly sensitive and quantitative, but lacks chemical
specificity to unambiguously identify peptide signals [19], has
low throughput (usually 1 antibody per peptide at a time), and
can be costly for studies targeting multiple peptides (multiple
antibodies needed). Other concerns pertain to antibody spec-
ificity [20]: The Ang peptides in the RAS only differ by one or
two amino acids, which can lead to competitive interactions
[21], thus requiring careful validation for each antibody.
Additionally, the use of radioactive reagents calls for special-
ized expertise, hindering broader adoptability of LC-RIA from
specialized laboratories.

Mass spectrometry (MS) has emerged as a powerful alterna-
tive for the development of assays with specificity to Ang pep-
tides (reviewed in [22–24]). MS eliminates the need for anti-
bodies and radioactive compounds and permits the detection of
multiple Ang peptides in the same experiment, thus enhancing
analytical throughput. Tandem MS augments chemical selec-
tivity for detection and quantification by performing peptide-
specific ion-molecule reactions, typically via collision-induced
dissociation or higher-energy collisional dissociation (HCD)
[25, 26]. Moreover, with the implementation of targeted ion
detection, such as multiple/parallel reaction monitoring
(MRM/PRM), tandem MS has emerged as a highly sensitive
quantitative assay to characterize relative or absolute levels of
Ang peptides in plasma and tissues [27–31]. For example,
MRM on a triple-quadrupole mass spectrometer has yielded
sub-10-amol levels of lower limit of detection [30]. MRM also
permits the use of nonradioactive isotopically labeled peptides
to facilitate relative or absolute quantification with ~ 10-amol

sensitivity [32, 33], revealing endogenous angiotensin concen-
trations in brain hemispheres and the cerebellum [32]. These
promising developments have enabled the confident identifica-
tion and relative/absolute quantitation of Ang peptides from
larger amounts of brain tissues. Furthermore, the recent devel-
opment of table-top high-resolution MS (HRMS) instruments
has provided exquisite chemical specificity for peptide identifi-
cations while maintaining sensitivity, promising to further the
characterization of the RAS [25].

However, new HRMS technologies are needed to extend
studies on the RAS to small tissue samples, such as identified
nuclei of the brain. The brain contains Ang peptides in limited
concentrations (~ 2–15 fmol/g of each Ang peptide in wet
tissue [21, 34]). These amounts become trace-limited in de-
fined regulatory regions, such as the subfornical organ (SFO)
and the paraventricular nucleus (PVN), which are critical hy-
pothalamic and forebrain regions for angiotensin-mediated
cardiovascular and thirst homeostasis [2, 13, 35]. Assuming
an ~ 1 g/mL average tissue density [36] and uniform Ang
peptide production across the brain, a standard 0.5 mm (diam-
eter) × 1 mm (height) micropunch (~ 200 nL voxel) is estimat-
ed to encompass only ~ 400 zmol to ~ 3 amol of Ang peptides.
These peptide amounts are challenging the sensitivity of even
modern MS methodologies (see earlier). Therefore, to facili-
tate our understanding of the brain RAS, there is a high and
yet unmet need for new analytical technologies that combine
unambiguous identification, trace-level sensitivity in detection
and quantification, and a capability for microanalysis in the
brain using HRMS.

To fill this technology gap, we have developed a microana-
lytical HRMS approach with trace-sensitive capability for Ang
peptides of the RAS. The approach builds on microanalytical

Fig. 1 Detection of angiotensin (Ang) peptides of the a renin-angiotensin
system using b microanalytical high-resolution mass spectrometry
(HRMS). Ang peptides are presented in boxes. Enzymes are inscribed
in ovals. Peptides chosen for this study are highlighted in orange. The
subfornical organ (SFO) and the paraventricular nucleus (PVN) were

sampled by micropunch needles in water-deprived (WD) and control
(Ctrl) mice (see circles). Ang peptides were microextracted, separated
by a laboratory-built microanalytical capillary electrophoresis (CE) in-
strument, and detected using parallel reaction monitoring (PRM)
HRMS. Key: scale bar, 2 mm
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CE electrospray ionization (ESI) platforms that we and others
have custom-built and optimized for high sensitivity analysis of
volume-limited specimens [37–39]. CE-ESI-HRMS has been
used to analyze proteins [40–42] and metabolites [43–47] with
zmol–amol sensitivity in single cells in Xenopus laevis embryos
(reviewed in reference [48]) and single neurons in Aplysia
californica [40, 49], as well as limited populations of neurons
[42, 50] and single neurons from the mouse brain [51]. CE with
matrix-assisted laser desorption ionization MS has been exten-
sively used for profiling neuropeptides [38, 39, 52–54]. In this
study, we have hyphenated a laboratory-constructed microana-
lytical CE-ESI platform to a high-resolution ESImass spectrom-
eter (quadrupole-ion trap-orbitrap tribrid-analyzer) and devel-
oped amicroanalytical methodology for Ang peptides.We dem-
onstrate that, once optimized, this microanalytical assay enables
the simultaneous identification and quantification of Ang pep-
tides in 5 amol to 300 zmol sensitivity. As a proof-of-principle
experiment, we have used this assay to profile Ang peptide
production between the SFO and PVN in control and water-
deprived mice, providing new data to study the RAS in the
brain.

Materials and methods

Standards and reagents All chemicals and reagents were pur-
chased from Fisher Scientific (Hampton, NH). Method
development/validation was performed using a mixture of ref-
erence standards containing each of the following peptides at
100 μg/L concentration: Ang T, Ang I, Ang II, Ang III, Ang IV,
and Ang 1–9. For nano-flow LC (nano-LC) MS, the peptide
mixture was reconstituted in 2% acetonitrile in water containing
0.1% formic acid. For CE-MS, the peptide mixture was pre-
pared in 75% acetonitrile in water containing 0.05% or 0.5%
acetic acid (see optimization below). CE was performed in bare
fused silica capillaries from Polymicro Technologies (Phoenix,
AZ). CE-nano-ESI emitters were fabricated by pulling borosil-
icate capillaries (0.75/1-mm inner/outer diameter, Sutter
Instruments, Novato, CA) using a Flaming/Brown type capil-
lary puller (model P-1000, Sutter Instruments).

Animal care and handlingAll protocols regarding the humane
treatment of animals were approved by the Institutional
Animal Care and Use Committee of The George
Washington University (IACUC no. A279). Adult male (3–
4 months old) C57BL/6J mice were purchased from Jackson
Laboratory (Bar Harbor, ME) and were housed in
temperature- and humidity-controlled polyethylene cages on
a 12-h light/dark cycle. All animals were supplied with water
and food ad libitum leading up to the experiment. As previ-
ously described, water deprivation is a strong stimulus to in-
duce peripheral and brain RAS stimulation and increased an-
giotensin levels [55–58]. Therefore, in our current study, one

cohort of mice were water restricted for 24 h while the second
cohort served as the control and had continued access to water
ad libitum [58].

Tissue preparation Following 24 h of either experimental con-
dition (water-restricted vs. control), n = 3 male mice were
sacrificed (biological replicates). Formethod optimization,whole
brains were isolated, immediately frozen on dry ice, and kept in
− 80 °C until analysis. Using a standardized brain tissue
punching tool (Braintree Scientific Inc., Braintree, MA), tissue
punches of 0.5-mm internal diameter and 1 mm in depth were
reproducibly obtained from the SFO and the PVN following
coordinates specified by the Mouse Brain Atlas [59]: −
0.22 mm caudal, 0 mm lateral to bregma, and 3.25 mm below
the skull surface for the SFO;− 0.7mmcaudal, ± 0.25mm lateral
to bregma, and 4.7 mm below the skull surface for the PVN.

Peptide extraction A protocol to extract peptides was opti-
mized using whole mouse brains before applying it to tissue
punches from the SFO and PVN. Whole mouse brains were
transferred into a 2-mL microcentrifuge tube, where peptides
were extracted in 300 μL of 75% acetonitrile in water contain-
ing 0.5% acetic acid or 1% formic acid, facilitated by 3 rounds
of periodic sonication and vortex mixing. Tissue debris was
separated by centrifugation at 15,000×g for 5 min at 4 °C. The
supernatant was collected into a pristine microcentrifuge tube,
and its content was dried at + 4 °C in a vacuum concentrator
(Labconco Corp., Kansas City, MO). The optimized sample
extraction method was scaled to the brain punches as follows:
Peptides were extracted in 5 μL of optimized extraction solu-
tion (containing 1% formic acid, see below), vacuum-dried,
resuspended in 2 μL of 75% acetonitrile in water with 0.5%
acetic acid, followed by centrifugation at 10,000×g for 5 min
(+4 °C) to pellet potential cell debris. The resulting Bsamples^
were analyzed by CE-HRMS.

Nano-LC-nano-ESI A commercial nano-LC instrument
(Dionex Ultimate 3000 RSLCnano, ThermoFisher Scientific,
Palo Alto, CA) was used to benchmark our CE platform. For
nano-LC, 100 nL of a peptide mixture containing Ang I, Ang
II, Ang 1–9, and Ang IV was loaded onto a trapping column
(C18 Acclaim PepMap 100, 300-μm inner diameter, 50-mm
length, 5-μm beads with 100 Å pore size, ThermoFisher
Scientific) using the microliter pickup function at 10 μL/
min. The peptides were separated on a C18 Acclaim
PepMap RSCL analytical column (75-μm inner diameter,
250 mm in length, 3-μm beads with 100 Å pore size,
ThermoFisher Scientific) using a 60-min linear gradient from
2 to 35% of acetonitrile (0.1% formic acid) at 300 nL/min.
Molecules were charged by nano-electrospray ionization
(emitter with 5 μm aperture, New objective, Woburn, MA)
at + 2500 V spray potential. The generated ions were detected
by HRMS.
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CE-nano-ESI This study used the same CE platform as that
described in references [40, 41]. The platform was construct-
ed, optimized, operated, and validated as detailed elsewhere
[40–43, 49]. Samples of 300-nL to 1-μL volume were depos-
ited into a sample-loading microvial, whence ~ 14–20 nL was
hydrodynamically loaded into the CE separation capillary
filled with 25% acetonitrile containing 1 M formic acid
(pH 2.3). Electrophoretic separation was performed by apply-
ing + 20,000 V to the capillary inlet against the grounded
outlet, generating ~ 5.5 μA initial CE current. Compounds
migrating through the capillary entered an electrokinetically
pumped co-axial sheath nano-ESI source [60] for ionization.
The electrospray was generated by applying + 1500 Vonto the
sheath reservoir containing 10% acetonitrile with 0.05%
acetic acid. The generated ions were detected by HRMS.

HRMS detection Peptide ions that were generated by nano-
LC-nano-ESI and CE-nano-ESI were detected using the same
quadrupole linear ion trap orbitrap tribrid mass spectrometer
(Orbitrap Fusion Lumos, ThermoFisher Scientific) executing
PRMunder identical settings. TheMS1 acquisition parameters
were as follows: mass analyzer, orbitrap; resolution, 120,000
FWHM; AGC target, 5 × 105 counts; and maximum injection
time, 75 ms. Target precursor ions were isolated in the quad-
rupole analyzer with an isolation window of 1 Da and
fragmented by HCD at 28–35% normalized collision energy
(NCE) in nitrogen gas. Fragment ions were routed to the
orbitrap analyzer for detection with the following settings:
first mass, 100; resolution, 30,000 FWHM; AGC target, 1 ×
105 counts; and maximum injection time, 60 ms.

Data analysis PrimaryMS–MS/MS data were processed using
Skyline version 4.1 [61]. The amino acid sequence of the Ang
peptides was submitted to Skyline to predict (in silico) a list of
theoretical fragments from each peptide (m/z values).
Chromatographic peak boundaries were inspected manually
and redefined as necessary. Parameters of peptide and transi-
tion integration were set as follows: filter, peptides; precursor
charges, + 1–4; ion charges, + 1–3; ion types, b and y ions;
instrument, min m/z 280 and max m/z 1600; method match
tolerance, m/z 0.01; full-scan, MS1 filtering in the orbitrap at
120,000 FWHM resolution (at m/z 400); MS/MS filtering
acquisition, 50,000 FWHM resolution (at m/z 400); retention
time filtering was set to only use transitions within 5 min of
MS/MS identification. Skyline was used to generate chro-
matographic traces for each precursor ion and transition that
matched the in silico reference, which was followed by inte-
gration of under-the-curve peak areas that serve as a proxy for
peptide quantification. Peptide quantities were reported as
summed peak areas (SPA) of the precursor ions and transitions
integrated areas. Peptides were accepted only if their mono-
isotopic peak was detected and more than 50% of the transi-
tions were quantified.

Safety considerations Standard safety procedures were
followed during the handling of chemicals and biological
samples. Fused silica capillaries and nano-ESI emitters, which
present a needle-stick hazard, were handled with care using
gloves and protective eyewear. All electrically connective
parts of the CE platform were earth-grounded or isolated in
a Plexiglas enclosure equipped with a safety interlock enabled
door to prevent users from exposure to electrical shock hazard.

Results

Microanalytical MS for Ang peptides We here developed a
microanalytical framework to enable the ultrasensitive detec-
tion and quantification of Ang peptides in mouse brain nuclei
critical to thirst regulation, specifically the SFO and PVN.
Microscale analysis of these tissues presented several analyt-
ical challenges that were addressed by our study design (Fig.
1). As in all neuropeptidomics studies [22], the chemical in-
tegrity of the tissue must be preserved by sampling the brain
with accuracy and speed, ideally in a frozen state and/or with
the help of enzymatic deactivation. In this study, we used
micro-punch needles to biopsy ~ 200 nL voxel from the
SFO and PVN areas in the frozen brain (see BMaterials and
Methods^). Alternatively, limited amounts of materials may
be obtained by other strategies ranging from micro-collection
of bodily fluids (e.g., lumbar puncture or by in vivo dialysis
probes) to dissection of cells, tissues, and organs. With tissues
from our study estimated to only contain sub-to-low amol
amounts of Ang peptides (refer to BIntroduction^), trace-
sensitive detection required optimization of the analytical
workflow (see Fig. 1b). In a reversed order, we optimized
the following methods using chemical standards or biological
tissues: conditions of extraction and sample reconstitution
(nano-LC vs. CE using tissues); choice of technology for an-
alytical separation (using standards); conditions of mass spec-
trometric detection (using standards and tissues).

We designed an assay for the Ang peptides using PRM
HRMS. The approach, presented in Fig. 2, attains exquisite
selectivity and quantification by monitoring m/z transitions
specific to each peptide [25]. We used the Skyline software
[61] to query specificm/z transition based on tandemMS data
that we collected for each targeted Ang peptide standard (Fig.
1a). In principle, this data acquisition strategy also allows for
the development of assays targeted for other peptides, includ-
ing neuropeptides. The PRM assay from this work was ap-
plied on a late-generation quadrupole linear ion trap orbitrap
mass spectrometer [25]; this approach is also adaptable to
quadrupole orbitrap instruments outfitted with a collision cell.
Peptide precursor ions were m/z-selected in the quadrupole,
dissociated via HCD, and the resulting fragment ions were
detected with high m/z accuracy (< 10 ppm) in the orbitrap
analyzer (Fig. 2a). To attain high data fidelity from biological
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Fig. 2 Development of a high-resolution mass spectrometry assay for
Ang peptides. a Parallel reaction monitoring (PRM) selecting Ang pep-
tides in the quadrupole (Q) for fragmentation via higher-energy collision-
al dissociation (HCD), followed by orbitrap detection of peptide-specific
fragments (e.g., b- and y-ions listed). b Experimental optimization of
fragmentation efficiency as a function of normalized collision energy
(NCE) for HCD. Each data point was a separate analysis of the standard

peptide mixture (100 μg/L) using capillary electrophoresis (CE) high-
resolution mass spectrometry (HRMS), analyzed in technical triplicate.
Key: error bars, 1 × SEM. c Data analysis in the Skyline software
extracting specific precursor-fragment transitions for integration of
under-the-curve peak areas to be used as a proxy for peptide
quantification
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samples, which may contain many isobaric signals (e.g., pep-
tides and metabolites), data analysis in this study considered
only peptides that (i) exhibited the correct accurate m/z (<
10 ppm), (ii) produced fragment ions that matched theory (in
silico reference) with co-elution with the precursor ion, and
(iii) gave signals that were quantified in at least 50% of the
transitions. Detection efficiency was experimentally maxi-
mized for the dominant charge states (listed in Table 1) by
optimizing the efficiency of fragmentation in the HCD cell
(see Fig. 2b). Quantification was based on the total ion abun-
dance of the fragment ions (m/z values) that matched theoret-
ical prediction in Skyline (Fig. 2c). Peptide-specific chromato-
grams were extracted in the MS–MS/MS space, followed by
the determination of summed peak area (SPA) for relative
quantification of peptide abundance.

The PRM assay was configured to a microanalytical CE
platform; this instrument has been described in detail elsewhere
[40, 41]. The platform featured a sample-loading microvial,
where ~ 300 nL of sample was deposited. Approximately
14 nL of the deposited sample was loaded into the CE capillary,
followed by electrophoresis. For enhanced detection sensitivity,
on-column enrichment was performed via field-amplified sam-
ple stacking (FASS) in the CE capillary. To lower the conduc-
tivity of the sample plug for a successful FASS [62], the back-
ground electrolyte was prepared to contain 25% acetonitrile
with 1 M formic acid, whereas the sample (e.g., peptide stan-
dards or extracts from brain tissues) was reconstituted in aque-
ous 75% acetonitrile containing 0.05% (v/v) or 0.5% (v/v) acetic
acid. As shown in Fig. 3a, higher acid content significantly
improved electrophoretic separation and sensitivity (Student’s
t test, p < 0.05). The theoretical number of plates (N) was higher
by ~ 40% for Ang 1–9 and ~ 25% for Ang I and Ang IV. Under
optimal conditions, we determined a theoretical plane number
(N) of ~ 933,547 plates/m, demonstrating remarkable separa-
tion efficiency. As a result, higher acid content led to similar or
up to ~ 7-fold higher sensitivity for the peptides.

The analytical figures of merit were established.
Calibration curves were measured based on the triplicate anal-
ysis (technical replicate) of a dilution series prepared from the

reference Ang peptide mixture. The linear dynamic range of
quantification was found to span 3–4-log orders of magnitude
(Fig. 3b). The lower limit of quantification (LLOQ) was cal-
culated in the 1–10 amol (0.3–1 nM) range for all the peptides,
except for Ang IV (see Table 1). These results revealed
comparable-to-improved sensitivity over studies that analyzed
~ 1–10 μL peptide extracts using nano-LC-HRMS [27, 28,
30, 32]. Compared to commercial nano-LC, microanalytical
CE-nano-ESI-HRMS has the advantage of inherent

Fig. 3 Experimental characterization of analytical performance. a
Sample reconstitution in higher acid content enhanced sensitivity by
improving field-amplified sample stacking. Key: error bars, 1 × SEM;
*p < 0.05 (Student’s t test). b The dynamic range of quantification was
tested to be linear over a ~ 3–4 log-order range for the angiotensin stan-
dards, extrapolating to a lower limit of quantification at ~ 300 zmol to 5
amol (see Table 1)

Table 1 PRM-HRMS for microanalytical detection and quantification of angiotensin peptides from the renin-angiotensin system. The dominant
charge state is highlighted in italics

Peptide Peptide sequence m/z (charge) Calculated lower
limit of quant.

Calculated lower limit of det.

nM amol pM amol

AngT DRVYIHPFHLVIH 412.2299 (+4); 549.3039 (+3) 0.32 4.3 17 0.35

Ang 1–9 DRVYIHPFH 395.2054 (+3); 592.3043 (+2) 0.42 5.8 20 0.39

Ang I DRVYIHPFHL 432.9001 (+3); 648.8463 (+2) 0.77 11 30 0.60

Ang II DRVYIHPF 349.5191 (+3); 523.7748 (+2) 0.96 13 0.13 2.6

Ang III RVYIHPF 466.2613 (+2) 0.54 7.4 0.10 2.0

Ang IV VYIHPF 388.2108 (+2); 775.4137 (+1) 6.5 88 0.21 4.2
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compatibility with limited samples: ~ 1000 times smaller sam-
ple amounts were analyzed in this study than are typically
analyzed by nano-LC. The calibration curves revealed low-
amol sensitivity for most of the peptides using CE-nano-ESI-
HRMS. Based on the MS1 data, extrapolation to signal/
noise = 3 predicts ~ 5 amol to ~300 zmol sensitivity for
detection (see Table 1). Based on the triplicate analysis of each
of the peptide standards, the average quantitative reproducibil-
ity was determined to be ~ 8% SEM technical error (same
sample analyzed multiple times). Therefore, CE-nano-ESI-
HRMS combined microscale capability, sensitivity, and an
ability for quantifying Ang peptides.

This Ang peptide assay was benchmarked against nano-LC
PRM-HRMS (Fig. 4), which is the closest analytical technol-
ogy. To enable direct comparison in accuracy, the assays were
tested on the same mass spectrometer executing the same
PRM method that was developed in this study (see earlier).
The Ang peptide mixture was diluted to 100 μg/L/peptide

concentration using solvents that were appropriate for the re-
spective technologies. For nano-LC-PRM-HRMS, 100 nL
(viz., ~ 10 pg/peptide) were analyzed over 60 min of separa-
tion with sample dilution using aqueous 2% acetonitrile (0.1%
formic acid). For CE-PRM-HRMS, ~ 14 nL (viz., ~ 1.4 pg/
peptide) was analyzed over ~ 40 min of separation with sam-
ple dilution in aqueous 75% acetonitrile (0.5% v/v acetic acid).
Differences were evident in the metrics of analytical perfor-
mance (Fig. 4a). All the peptides were resolved as sharp, sym-
metric peaks of high signal abundance using CE (peak capac-
ity = ~ 83, peak symmetry = ~ 1.2). In contrast, two of the
peptides were coeluted and all the peptides were detected as
broadened, slightly tailing peaks of lower signal intensity
using nano-LC (peak capacity = ~ 11, peak symmetry = ~
2.3). Despite analyzing ~ 10 times less material, CE provided
comparable ion signal intensities than nano-LC (compare Fig.
4b). Therefore, microanalytical CE provided a significant im-
provement over current nano-LC, raising unique potentials to
detect and identify trace amounts of Ang peptides in the brain.

Angiotensin peptides in the brain As in most peptidomics
studies [22], sensitive detection of Ang peptides required
elimination/minimalization of their unwanted peptide degra-
dation during sample handling as well as efficient extraction
and recovery of these peptides from the brain tissues. Organic
solvents containing high concentration of acids, such as
formic or acetic acid, and rapid freezing or heating have been
used to minimize enzymatic digestion due to denaturing pro-
teases, allowing the efficient recovery of endogenous peptides
from tissues and organisms [22, 63, 64]. To optimize recovery
for CE-HRMS, we compared the efficiency of peptide detec-
tion from whole brain tissues upon extraction using 75% ace-
tonitrile containing 0.5% acetic acid or 1% formic acid. The
extracts were dried at 4 °C in a vacuum concentrator and
reconstituted in 75% acetonitrile containing 0.5% acetic acid,
which we previously found to facilitate separation and sensi-
tivity for CE-HRMS (recall Fig. 3a). Compared to extraction
in 0.5% acetic acid, SPAvalues obtained from 1% formic acid
containing solution were higher by a factor of 5–8 for Ang 1–
9, Ang I, Ang II, and Ang III and ~ 15–20 for Ang T and Ang
IV. Superior extraction efficiency when using 1% formic acid
prepared us to analyze tissues from the identified nuclei.

The optimizedmicroassay was employed to profile Ang pep-
tides in the SFO and PVN. As proof of concept, water depriva-
tion (WD) was used as model, which increases angiotensin
levels [55–57]. Approximately 200 nL tissues were collected
from the SFO and the PVN using micropunch needles (see
BMaterials and Methods^). Peptides were extracted from the
collected tissues in 5 μL of 75% acetonitrile containing 1%
formic acid (optimized for extraction, see earlier), dried, and
reconstituted in 2 μL of 75% acetonitrile containing 0.5% acetic
acid (optimized for electrophoresis, see earlier). An ~ 300 nL
volume of the reconstituted extract was deposited onto the

Fig. 4 Benchmarking microanalytical capillary electrophoresis (CE)
against nano-flow liquid chromatography (nano-LC) for high-resolution
mass spectrometry (HRMS). Analyzed sample volumes from the same
standard angiotensin mixture (100 μg/L) were 14 nL for CE and 100 nL
for nano-LC. a Mass-selected ion traces comparing peptide separation
during CE and nano-LC, revealing higher separation efficiency and de-
tection sensitivity by electrophoresis. b Comparable summed peak areas
(SPA) between the technologies suggest ~ 10-fold higher sensitivity by
CE-HRMS. Key: error bars, 1 × SEM; ns, not significant; **p ≤ 0.01
(Student’s t test)
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sample-loading microvial, whence ~ 20 nL was analyzed by
CE-HRMS. By enabling the analysis of such low volumes of
samples, CE-HRMS raised a potential to minimize peptide
losses due to absorptive processes on the surfaces of vials and
pipette tips, which would be difficult to circumvent for regular
nano-LC requiring larger sample volumes for analysis.

CE-nano-ESI-HRMS revealed quantitative difference in Ang
profiles. In Fig. 5, the respective Ang levels are compared be-
tween the brain regions in the control and the experimental (WD).
Following 24 h ofWD, levels ofAngT,Ang 1–9,Ang I, andAng
II increased in the SFO but not in the PVN. Conversely, the
amounts of Ang III and Ang IV peptide fragments were un-
changed or slightly decreased in the SFO postWD. These results
may reflect increased Ang II receptor-mediated function and re-
duced peptide degradation products followingWD. On the other
hand, WD caused marked decrease of Ang III and Ang IV con-
centrations in the PVN. This result combinedwith stable levels of
AngT, Ang 1–9, Ang I, and Ang II suggest enhanced conversion
from Ang II to Ang 1–7. Overall, these observations support the
function of these brain nuclei, increasing brain Ang II production
following water restriction and their overall importance in volu-
metric thirst regulation and fluid homeostasis [2, 13, 35, 65].
Future studies involving a higher number of biological replicates
and the use of internal standards to enhance technical reproduc-
ibility are needed for further statistical analysis on the observed
differences between the Ang profiles in our experimental groups.
To our knowledge, these results provide, for the first time, the
detection of biologically active Ang peptides in identified brain
nuclei and may inform future experiments elucidating the role of
the brain RAS in physiology and disease.

Conclusions

We have developed a microanalytical assay for Ang peptides
based on a laboratory-built CE-nano-ESI-HRMS platform. The
technology attained exquisite detection specificity by integrating

multiple orthogonal pieces of information for each peptide, name-
ly accurate mass (< 10 ppm error), time of separation (migration),
and peptide-dependent fragmentation during PRM. By eliminat-
ing chemical/molecular probes, radioactive reagents, or antibod-
ies, this approach aids robustness and can be readily adapted by
other labs. The assay combinedmicroanalytical capability for 10–
20 nL of peptides extracted from a standard 0.5 mm (diameter) ×
1 mm (height) micropunch (~ 200 nL voxel) with < 10 amol to ~
300 zmol sensitivity for detection and a ~ 4-log-oder linear dy-
namic range with an ~ 10-amol sensitivity for quantification.
These performance metrics were adequate to profile endogenous
Ang levels in the mouse, even in the amount-limited tissues that
were collected from the SFO and PVN in this study. In proof-of-
principle experiments, we demonstrated the ability of the assay to
capture quantitative changes inAng production uponWD.With a
capability for label-free detection, our approach can be extended
to other types of peptides and neuropeptides, brain regions, as
well as other types of cells, tissues, organs, and biologicalmodels.
The approach presented here is readily adoptable for commercial-
ized CE-MS instruments (e.g., CE 7100 from Agilent, Santa
Clara, CA and CESI 8000 Plus from AB Scix, Ontario,
Canada), thus facilitating broader adoption of the methodology
presented in this study. Additionally, the microanalytical assay is
compatible with the use of internal standards (e.g., isotopically
labeled Ang peptides) to aid compound identification (e.g., mi-
gration time markers) and quantification (relative or absolute).
With label-free detection, trace-level sensitivity for detection
and quantification, and compatibility with microsampling (e.g.,
micropunch needles here), CE-nano-ESI-HRMS extends the an-
alytical toolbox of neuroscience to facilitate studies on the RAS.
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