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Discovering New Bioactive Neuropeptides in
the Striatum Secretome Using in Vivo
Microdialysis and Versatile Proteomicss
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The striatum, a major component of the brain basal nuclei,
is central for planning and executing voluntary move-
ments and undergoes lesions in neurodegenerative dis-
orders such as Huntington disease. To perform highly
integrated tasks, the striatum relies on a complex network
of communication within and between brain regions with
a key role devoted to secreted molecules. To characterize
the rat striatum secretome, we combined in vivo microdi-
alysis together with proteomics analysis of trypsin digests
and peptidomics studies of native fragments. This versa-
tile approach, carried out using different microdialysis
probes and mass spectrometer devices, allowed evidenc-
ing with high confidence the expression of 88 proteins and
100 processed peptides. Their secretory pathways were
predicted by in silico analysis. Whereas high molecular
weight proteins were mainly secreted by the classical
mode (94%), low molecular weight proteins equally used
classical and non-classical modes (53 and 47%, respec-
tively). In addition, our results suggested alternative se-
cretion mechanisms not predicted by bioinformatics
tools. Based on spectrum counting, we performed a rel-
ative quantification of secreted proteins and peptides in
both basal and neuronal depolarization conditions. This
allowed detecting a series of neuropeptide precursors
and a 6-fold increase for neurosecretory protein VGF and
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proenkephalin (PENK) levels. A focused investigation and
a long peptide experiment led to the identification of new
secreted non-opioid PENK peptides, referred to as PENK
114-133, PENK 239-260, and PENK 143-185. Moreover
we showed that injecting synthetic PENK 114-133 and
PENK 239-260 into the striatum robustly increased gluta-
mate release in this region. Thus, the combination of mi-
crodialysis and versatile proteomics methods shed new
light on the secreted protein repertoire and evidenced
novel neuropeptide transmitters. Molecular & Cellular
Proteomics 8:946-958, 2009.

In mammalian brain, the striatum plays a critical role for
planning and executing voluntary movements and is also
involved in cognitive processes (1). The striatum makes use of
a complex network architecture connecting specialized ana-
tomical structures to achieve these highly integrated tasks. It
receives projections from primary sensory and motor cortices
as well as motor thalamic nuclei and sends projections to
downstream basal ganglia structures, thereby influencing the
control of cortical and brainstem motor systems (2). In this
context, communication within and between brain structures
appears as a key element for brain functioning. For cell-to-cell
communication, secreted proteins play a pivotal regulatory
role. To enter the secretory pathway, it has been long as-
sumed that an N-terminal signal peptide sequence is strictly
required. However, recent studies have shown that endoplas-
mic reticulum- and Golgi-independent or non-classical mech-
anisms may be responsible for protein secretion (3). The
extracellular medium is thus more complex than previously
suspected, and its characterization has gained a special in-
terest (4, 5). In silico analyses suggest that mature proteins
secreted via classical and non-classical mechanisms share
common physicochemical properties (6). In this respect, pro-
teomics is a powerful approach for systematically analyzing
proteins present in the extracellular medium (7-9). For neuro-
chemical monitoring of the secretome within the brain, only a
few tools provide an appropriate insight into its spatial and
temporal dynamics. Microdialysis, in particular, has been
shown to be a powerful tool for exploring the extracellular
content of the brain in vivo (10-12) and for obtaining vital
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physiological information that cannot be gleaned from in vitro
experiments. The combination of this sampling method with
mass spectrometry facilitates investigation of the brain secre-
tome in vivo. However, because of the low concentration of
proteins in dialysate, which makes investigations challenging
in terms of sensitivity, few studies have combined in vivo brain
microdialysis and proteomics/peptidomics analysis (13-16).

In this study, to investigate both proteins and peptides
secreted in rat striatum, we performed mass spectrometry
analysis of microdialysis fluids. Microdialysis of small and
large proteins was carried out using various cutoff probes,
and the samples were analyzed through proteomics and pep-
tidomics approaches. In addition, we used spectrum counting
(17, 18) to measure the relative abundance of secreted pro-
teins and their processed peptides and to study the modula-
tion of these abundances during neuronal depolarization. This
approach allowed us to point out the secretion of new neu-
ropeptides, including neurotransmitters.

EXPERIMENTAL PROCEDURES
Animals

Two-month-old male Wistar rats were studied with procedures
strictly in accordance with the recommendations of the European
Economic Community (86/609/EEC) for the care and use of laboratory
animals.

In Vivo Microdialysis

Samples were collected from 142 rats. Rats were anesthe-
tized with xylazine-ketamine and placed in a stereotaxic
frame. Body temperature was kept at 37 °C throughout the
experiment with a thermostatically controlled heated blanket.
Microdialysis probes (CMA/12, 4-mm active length, 20- or
100-kDa-molecular mass cutoff; CMA Microdialysis, North
Chelmsford, MA) were implanted on either side of the brain, in
the striatum (coordinates relative to bregma: anteroposterior,
+1.0 mm; lateral, 3.0 mm; dorsoventral, —7.0 mm). Probes
were perfused with artificial cerebrospinal fluid (@CSF)' (145
mm NaCl, 2.68 mm KCI, 1.10 mm MgSO,, 1.22 mm CaCl, with
addition of 3% dextran for 100-kDa probes) at a rate of 1
wl/min for 1 h. Microdialysates were collected on ice over the
next hour at a rate of 0.5 ul/min and frozen at —80 °C until MS
analysis. We induced neuronal depolarization by increasing
the KCI concentration of the dialysis perfusion solution to 145
mm while simultaneously lowering NaCl concentration to keep
ionic strength constant. Rats were then killed, and the correct
placement of the microdialysis probes was confirmed visually.

" The abbreviations used are: aCSF, artificial cerebrospinal fluid;
CCKN, cholecystokinin; DOPAC, dihydroxyphenylacetic acid; GABA,
y-aminobutyric acid; HVA, homovanillic acid; NEUG, neurogranin;
PENK, proenkephalin A precursor; SC, spectrum counting; SCG,
secretogranin; VGF, neurosecretory protein VGF; LTQ, linear trap
quadrupole; DAVID, Database for Annotation, Visualization, and Inte-
grated Discovery; PCP4, Purkinje cell protein 4; CaM, calmodulin.

Sample Preparation for Mass Spectrometry Analysis

Protein Samples— For protein analysis, microdialysates were sam-
pled using probes with a 20- or 100-kDa cutoff point. Typically for
each analysis, six microdialysate collections from three animals were
pooled and digested overnight at 37 °C with 10 ug of trypsin in a 25
mm ammonium bicarbonate solution. Tryptic samples were desalted
and concentrated on a C,g ZipTip (Millipore, Bedford, MA) before
nano-LC-MS/MS analysis.

Peptide Samples—For peptide analysis, we used only probes with
a 20-kDa cutoff point. For each analysis, six microdialysate collec-
tions from three animals were pooled and directly desalted and con-
centrated on a C,5 ZipTip before nano-LC-MS/MS analysis.

Long Peptide Investigation—This analysis was performed on sam-
ples collected in KCI condition using probes with a 20-kDa cutoff
point. For each analysis, six microdialysate collections from three
animals were pooled, concentrated in a SpeedVac, and directly in-
jected into an LTQ mass spectrometer.

Mass Spectrometry Analysis

For Q-TOF and Orbitrap analysis, the dried peptide extracts were
resuspended in 5% ACN and 1% trifluoroacetic acid in water and
transferred into vials suitable for nano-LC-MS/MS analysis.

Q-TOF—Analyses were performed on a nano-LC system coupled
to a Q-TOF Ultima mass spectrometer (Waters, Milford, MA). During
the chromatography step, peptides were concentrated on a 300-
um X 5-mm PepMap C,g precolumn (LC Packings, Sunnyvale, CA)
and separated on a C;5 column (75 um X 150 mm) (LC Packings).
Mobile phases consisted of 0.1% formic acid, 97.9% water, 2% ACN
(v/v/v) (A) and 0.08% formic acid and 20% water in 79.92% ACN
(v/v/v) (B). The nanoflow rate was set to 250 nl/min, and the gradient
profile was as follows: from 10 to 40% B in 65 min, from 40 to 90%
B in 10 min, constant 90% B for 10 min, and return to 10% B. The
system was calibrated every week with [Glu]fibrinopeptide B, and
mass shift precision was below 0.4 Da. The mass spectrometer
operated in the positive ion electrospray ionization mode with a
resolution of 9000-11,000 full-width half-maximum. Data-dependent
analysis was used for MS/MS (three most abundant ions in each
cycle): 1-s MS (m/z 400-1600) and maximum 5-s MS/MS (m/z 50—
1850, continuum mode) with 2-min dynamic exclusion. MS/MS raw
data were processed with MassLynx 4.0 software (smooth 3/2
Savitzky Golay) (Waters).

Orbitrap— Orbitrap analyses were performed on a nano-LC system
(Ultimate 3000, Dionex) coupled to an Orbitrap mass spectrometer
(ThermoFischer Scientific). During the chromatography step, peptides
were concentrated on a 300-um X 5-mm PepMap C,g precolumn
and separated onto a 75-um X 150-mm C,g column (Gemini C,q4
phase, Phenomenex, for in-house built columns). Mobile phases con-
sisted of 0.1% formic acid, 97.9% water, 2% ACN (v/v/v) (A) and
0.08% formic acid, 20% water in 79.92% ACN (v/v/v) (B). The nano-
flow rate was set at 300 nl/min, and the gradient profile was as
follows: constant 4% B for 3 min, from 4 to 55% B in 42 min, from 55
t0 90% B in 1 min, constant 90% B for 14 min, and return to 10% B.
The system was calibrated weekly with a mixture of caffeine, MRFA
peptide, and Ultramark (Sigma), and mass precision was better than
5 ppm. The mass spectrometer operated in the positive ion electro-
spray ionization mode with a resolution of 30,000 full-width half-
maximum. MS and MS/MS data were acquired and processed auto-
matically with Xcalibur 2.0.7 (Thermo Fischer Scientific) and Mascot
Distiller 2.1.1.0 (smooth 3/2 Savitzky Golay) (Matrix Science, Boston,
MA) softwares.

LTQ—We investigated long peptides by analyzing samples in an
ion trap mass spectrometer (LTQ, Thermo Electron, Bremen, Ger-
many). The instrument was coupled to an Ultimate 3000 (LC Pack-
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ings) high performance liquid chromatograph. In the chromatography
step, microdialysate samples were loaded directly onto an LC Pack-
ings monolithic precolumn (polystyrene-divinylbenzene, 200-um in-
ner diameter, 5 mm long), desalted by running mobile phase A (see
below) through the column for 4 min, and separated on an LC Pack-
ings monolithic nanocolumn (PepSwift, polystyrene-divinylbenzene,
100-pm inner diameter, 5 cm long). Mobile phases consisted of 0.1%
formic acid, 97.9% water, 2% ACN (v/v/v) (A) and 0.08% formic acid
and 20% water in 79.92% ACN (v/v/v) (B). The nanoflow rate was set
at 300 nl/min, and the gradient profile was as follows: from 0 to 50%
B over 120 min, from 60 to 90% B over 10 min, constant 90% B for
10 min, and return to 0% B over 1 min. Mass spectrometry data were
acquired in a three-step scanning sequence comprising the full MS
scan (450-2000 m/z), the MS data-dependent zoom scan of the most
abundant ion, and its MS/MS fragmentation (CID at normalized col-
lision energy of 35%). The equipment was calibrated immediately
before analysis by the direct injection of a 20 um ubiquitin solution
(Sigma) via an automated tuning procedure, selecting the 1224 m/z
(7+) peak. MS and MS/MS data were acquired and processed auto-
matically with Xcalibur 2.0.7 and Mascot Distiller 2.1.1.0 (smooth 3/2
Savitzky Golay) softwares.

Peptide Sequencing and Protein Precursor Identification

Database searching was performed using the Mascot 2.2.03 pro-
gram (Matrix Science). Two databases were used: a homemade list of
well known contaminants (keratins and trypsin; 21 entries) and an
updated compilation of the Swiss-Prot and TrEMBL databases (re-
lease 54.8_37.8, 5,678,599 entries in total including 15,495 entries for
rat) with Rattus as the selected species. The variable modifications
allowed were as follows: N-terminal acetylation, methionine oxidation,
and dioxidation, C-terminal amidation, and N-terminal pyroglutamate.
For protein samples, “semitrypsin” was selected as enzyme, and two
miscleavages were also allowed. For peptidomics studies, “no en-
zyme” was selected. For Q-TOF analysis, mass accuracy was set to
0.4 Da for both precursor ion (MS mode) and fragments (MS/MS
mode). For Orbitrap analysis, these parameters were set to 20 ppm
and 1 Da, and for the LTQ they were set to 2 and 0.8 Da, respectively.
Mascot data were then transferred to an in-house developed valida-
tion software for data filtering according to a significance threshold of
<0.05 and the elimination of protein redundancy on the basis of
proteins being evidenced by the same set or a subset of peptides.
This software is freely available from the authors. Each peptide se-
quence was checked manually to confirm or contradict the Mascot
assignment. Sequences corresponding to irrelevant identifications
were discarded. Proteins detected through a single peptide were only
considered if this peptide was observed in at least three biological
samples, eventually undergoing analytical replicates.

Spectrum Counting

Spectrum counting (SC) was based on Orbitrap analyses with
biological and analytical replicates. The spectrum counting is the total
number of assigned spectra (redundant plus non-redundant) associ-
ated to a given protein. To estimate relative abundance of a given
protein, a single value was calculated from individual spectrum count-
ing summed from different analyses, and the resulting spectrum
count was normalized by the protein molecular weight (17, 19). To
compare protein abundance between basal and KCI samples, spec-
trum counting was normalized by total spectrum counting of assigned
spectra for each analysis and averaged over replicates (20, 21).
Peptides shared by multiple proteins were attributed to a single
precursor, corresponding to the protein with the best Mascot score.
The significance of differences between sets of conditions was as-

sessed by Mann and Whitney test. Differences were considered sig-
nificant for p values <0.05.

Proteomics Data Mining

Validated hits for each analysis were transferred to a relational
database. This database made it possible to carry out specific queries
concerning, for example, the number of spectra and/or unique pep-
tides assigned to a given protein, best Mascot score, and best cov-
erage. For each protein of the database, molecular weight was re-
trieved from UniProt. The SignalP (22) and SecretomeP programs (6)
(Center for Biological Sequence Analysis) were used to predict clas-
sical and non-classical secretion modes, respectively. For non-se-
creted precursors, subcellular distribution was retrieved from UniProt
and the Ingenuity Pathway Analysis tool (Ingenuity Systems). Asso-
ciated molecular functions were retrieved from DAVID.

Biological Activity

The non-opioid peptides evidenced in peptidomics experiments,
PENK 239-260 and PENK 114-133, were synthesized by Millegen
(France). For assessments of biological activity, synthetic PENK 239 -
260 and PENK 114-133 were delivered into the striatum via micro-
dialysis probes implanted at the coordinates described above. After
an equilibration period of 90 min, dialysates were collected at 10-min
intervals over a period of 210 min. The first six fractions were col-
lected for basal value determination. The next six fractions were then
collected during PENK 239-260 or PENK 114-133 perfusion (107* m
at 1 wl/min). Nine additional fractions were collected to estimate
poststimulation effects over 90 min. Dialysates were collected on ice
and stored at —80 °C until analysis. DOPAC, dopamine, HVA, gluta-
mate, and GABA concentrations in dialysates were determined by
HPLC with laser-induced fluorescence detection as described previ-
ously (23). Amino acid peaks were identified on the basis of retention
time, and concentrations were estimated by dividing the peak areas
of each amino acid by the value for the corresponding external
standard (analytical software class LC10; Shimadzu). Significant dif-
ferences between conditions were tested using analysis of variance
and Fisher’s post hoc least significant difference test. Results were
deemed significant for a p value <0.05.

RESULTS

Microdialysis Fluid Collection and Analysis—In this study,
we combined proteomics and peptidomics analyses of striatal
microdialysates to analyze both proteins and endogenous
peptides processed from peptide precursors. The overall ex-
perimental strategy is summarized in Fig. 1. Samples were
collected using probes with a 20- or 100-kDa cutoff point in
aCSF or KCI conditions. They underwent trypsin digestion
(protein samples, corresponding to what is referred to as
proteome analysis) or not (peptide samples, i.e. peptidome
analysis) before being concentrated on a ZipTip. Then MS
analysis was performed through Q-TOF or Orbitrap MS to
characterize the proteome and peptidome (39 and 24 analy-
ses, respectively). Relative quantification (spectrum counting)
was performed by Orbitrap MS. For studies devoted to long
peptide characterization, microdialysate samples were di-
rectly analyzed by LTQ MS.

Timing of microdialysis sample collection was validated by
relative quantification (spectrum counting with normalization
based on molecular weight; see below) of blood-specific highly
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Fic. 1. Experimental strategy. lllus-
tration of the various collection and pre-

parative steps for MS analysis of the stri-
atal microdialysate. CSF, cerebrospinal

fluid.
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abundant proteins (24) and intracellular proteins (25). Our results
show important levels of globin and intracellular proteins only
just after probe implantation. These levels subsequently de-
creased dramatically (p < 0.01) within 1 h (data not shown).
Moreover the lack of catalase and carbonic anhydrase in our
microdialysate samples suggests that blood contamination is
less than 0.005%, which is consistent with previous findings (24).

Striatum Microdialysate Proteome—The whole protein data
set, i.e. proteins whose expression was evidenced from tryp-
tic fragments and endogenous peptides, is shown in supple-
mental Table 1. Comparison of the different collection and an-
alytical conditions shows that 60 of the 88 proteins were
detected by Q-TOF, and 72 were detected by Orbitrap (Fig. 2A).
Only 42% of the peptides evidenced by Q-TOF were detected
by Orbitrap (Fig. 2B). Nevertheless 73% of the proteins detected
using data from the Q-TOF analyses were confirmed using data
from Orbitrap analyses. Indeed despite the high number of
MS/MS scans performed by Orbitrap, a certain proportion was
not assigned by Mascot because of their low quality. These
findings highlight the advantage of combining two MS instru-
ments for deeper insights into proteomes. Elsewhere we de-
tected 47 proteins with the 20-kDa microdialysis probe and 73
with the 100-kDa probe, including 32 common entries (Fig. 2C).
Three protein precursors, histone H1.2, excitatory amino acid 2,
and brain acid-soluble protein 1, were only detected in our
peptidome data set (from one, three, and one unique peptides,
respectively). This likely stems the fact that low molecular
weight tryptic peptides generated from corresponding endog-
enous peptides were not resolved by MS (only MH?* and MH3™*
ion peptides with m/z >400 were scanned).

To classify the 88 proteins evidenced, we compiled (i) in-
formation related to the proteomics data (Mascot score, cov-

A Q-TOF Orbitrap Q-TOF Orbitrap
Proteins Peptides

C 20«pa 100-kDa D aor Orbitrap
Proteins Peptides

FiG. 2. Venn diagrams of striatum microdialysate data. The
number of proteins (A) and peptides (B) detected by Q-TOF (dark) and
Orbitrap (light) analysis is shown. Data obtained with 20- and 100-
kDa-cutoff probes were combined for this analysis. C, number of
proteins detected in microdialysates sampled with 20-kDa (dark) or
100-kDa (light)-cutoff probes. D, number of endogenous peptides
detected in peptidomics analysis by Q-TOF (dark) and Orbitrap (light)
analysis of samples collected with 20-kDa-cutoff probes.

erage, and number of unique peptides), (i) results of secretion
mode predictions by bioinformatics tools (SignalP and Secre-
tomeP), and (jii) information (localization and molecular func-
tion) retrieved from different protein databases (ExPASy, In-
genuity, and DAVID). Proteins detected in striatal
microdialysates could be assigned to 15 major protein cate-
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gories in terms of molecular function. These include 18 struc-
tural molecule proteins, 15 protease inhibitors, nine transfer/
carrier proteins, nine neuropeptide hormone proteins, 10
protein-binding proteins, eight calcium-binding proteins, four
extracellular matrix proteins, four glycolysis enzymes, three
oxygen transporter proteins, three transporters, one DNA-
binding protein, one receptor protein, one kinase, and one
antioxidant protein. Only one protein (Q5FVIO) was not as-
cribed a known molecular function. As expected, the nine
neuropeptide hormones correspond to nine neuropeptide
precursors: proenkephalin (PENK), cholecystokinin (CCKN),
secretogranins | and Il (SCGI and -ll), neurogranin (NEUG),
pro-SAAS, neurosecretory protein VGF (VGF), somatostatin,
and neuropeptide Y. Furthermore SignalP and SecretomeP
analyses predicted 35 proteins to be secreted by classical
secretory mechanisms (presence of a signal peptide), 19 were
predicted to be secreted by non-classical secretion, and 34
were referred to as “non-secreted.” Information compiled
from databases showed that 54 proteins (61.4%) had been
reported to be “secreted,” 24 were reported to be located in
the “cytoplasm,” nine were reported to be located in the
“membrane,” and surprisingly one was reported to be present
in the “nucleus” (N-terminal histone H1.2 peptide, detected in
peptidomics analysis).

Striatum Microdialysate Peptidome—From the whole set of
peptidomics analysis (including aCSF and KCI sampling and
the long peptide experiment), we recorded 100 endogenous
peptides: 31 were detected by Q-TOF, 83 were detected by
Orbitrap, and three were detected by LTQ with 17% common
entries between Q-TOF and Orbitrap (Fig. 2D). The complete
peptide data set is available in supplemental Table 2. The 100
peptides originate from 29 protein precursors. Seventy pep-
tides are predicted to be processed from precursors contain-
ing a signal peptide sequence and should therefore be able to
enter the classical secretory pathway. For neuropeptide pre-
cursors, we detected 19 peptides originating from PENK, 10
from NEUG, four from VGF, and one peptide each from the
pro-SAAS, SCGI and -ll, neuropeptide Y, somatostatin, and
CCKN precursors. Several PENK and NEUG peptides corre-
spond to N-terminal or C-terminal truncated peptides pro-
cessed at dibasic sites. Such peptides are probably produced
by endopeptidase cleavage at specific residues followed by
carboxy- and aminopeptidase digestion.

Our analysis of possible posttranslational modifications
pointed to two peptides (from VGF and CCKN precursors)
containing an N-terminal pyroglutamate residue. In addition,
four N-terminal peptides, originating from excitatory amino
acid transporter 2, thymosin -4, thymosin 8-10, and histone
H1.2 precursors, displayed N-terminal acetylation. The N-
terminal H1.2 peptide matches with salmon antimicrobial
peptide H1, an N-terminal acetylated histone H1-derived pep-
tide previously reported to be secreted in Atlantic salmon skin
mucus (26). Thus, this analysis evidences the existence of a
wide variety of peptides secreted by the brain and of frag-

ments not previously found in the brain, demonstrating the
relevance of our working methods.

Relative Abundance of Proteins and Peptides—To measure
the relative abundance of protein and peptides, we used
Orbitrap data to perform spectrum counting and normalized
results by molecular weight as described (17, 19). The nor-
malization procedure makes it possible to compare the abun-
dance of proteins of various sizes. Table | shows the most
abundant proteins (relative abundance >4%) in various col-
lection and analytical conditions. Albumin, which accounts for
about 20% of the total amount of protein present, and NEUG
were detected as the major products with the 100- and 20-
kDa probes, respectively. Certain high molecular weight
transfer/carrier proteins and protease inhibitors were found
among the most abundant proteins detected with the 100-
kDa probe. Lower molecular weight proteins, such as the
protease inhibitor cystatin-C and neuropeptide hormone
PENK, also appeared to be abundant in the proteomics anal-
yses carried out with the 20- and 100-kDa probes. Two cal-
cium-binding proteins (Purkinje cell protein 4 and FK506-
binding protein 1A) were particularly abundant in analyses
performed with the 20-kDa probe. In the peptidomics data,
extracellular matrix fibrinogen o« and -y were also evidenced as
abundant protein precursors. In addition, spectrum counting
was calculated for each classification including “molecular
function,” “cellular localization,” and “secretory pathway.”
Fig. 3 shows relative quantification for different aCSF collec-
tion and analytical conditions. The precursors described as
“secreted” accounted for 90, 62, and 34% of the 100-kDa
proteome, the 20-kDa proteome, and the 20-kDa pep-
tidome, respectively (Fig. 3A). The abundance of neurogra-
nin, classified as cytoplasmic, accounts for the difference in
“cellular localization” profile between 20- and 100-kDa sam-
ples. SignalP and SecretomeP predictions showed that,
whereas most of the proteins of the 100-kDa proteome were
secreted by the “classical secretory pathway” (94%), the
two secretion modes were equally used (53 and 47 %) by the
proteins of the 20-kDa proteome. In the 100-kDa proteome,
the most abundant molecular functions were “transfer/car-
rier proteins” (39%) and “protease inhibitor activity” (35%),
whereas in the 20-kDa proteome, the most abundant mo-
lecular functions were “neuropeptide hormone activity”
(36%) and “calcium-binding protein” (20%). The neuropep-
tide hormone activity function was also the most frequently
recorded one in the peptidome (50%) followed by “extra-
cellular matrix” (20%) (Fig. 3B).

Influence of Depolarization on Protein and Peptide Abun-
dance—We induced neuronal depolarization using microdialy-
sis probes with a 20-kDa cutoff point perfused with 145 mm KCI.
To allow comparisons between samples, spectrum counting
was normalized by number of assigned spectra (20, 21). No
significant differences were observed for proteomics data, even
for neuropeptide precursors. This may be due to the tryptic
peptides generated from these very short neuropeptides not
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TABLE |
Abundant proteins evidenced in striatal microdialysate

The table lists proteins for which abundance, as determined by spectrum counting, exceeds 4% of the total amount of protein detected.
Microdialysis was performed under basal condition (@CSF perfusion). Proteome analysis was carried out using probes with a 100-kDa (n = 11)
or 20-kDa (n = 6) cutoff point. For peptidome analysis (n = 6), we used 20-kDa-cutoff probes. Relative abundance of proteins was deduced

from spectrum counting data normalized by molecular mass.

Molecular

Description UniProt ID mass Abundance Secretory pathway Molecular function
Da %
100-kDa proteome
Serum albumin precursor ALBU_RAT 68,686 20.1 Classical secretion Transfer/carrier protein
Cystatin-C precursor CYTC_RAT 15,427 11.0 Classical secretion Protease inhibitor activity
Apolipoprotein E precursor APOE_RAT 35,731 8.1 Classical secretion Transfer/carrier protein
Thymosin -4 TYB4_RAT 5,050 6.6 Non-classical secretion Structural molecule activity
aq-Antiproteinase precursor  A1AT_RAT 46,107 7.0 Classical secretion Protease inhibitor activity
a4-Inhibitor 3 precursor A1I3_RAT 163,670 4.9 Classical secretion Protease inhibitor activity
Proenkephalin A precursor PENK_RAT 30,912 4.5 Classical secretion Neuropeptide hormone activity
20-kDa proteome
Neurogranin NEUG_RAT 7,492 19.8 Other Neuropeptide hormone activity
Thymosin -4 TYB4_RAT 5,050 15.8 Non-classical secretion Structural molecule activity
Proenkephalin A precursor PENK_RAT 30,912 13.6 Classical secretion Neuropeptide hormone activity
Cystatin-C precursor CYTC_RAT 15,427 13.3 Classical secretion Protease inhibitor activity
Purkinje cell protein 4 PCP4_RAT 107,22 9.5 Non-classical secretion Calcium-binding protein
FK506-binding protein 1A FKB1A_RAT 11,915 9.5 Other Calcium-binding protein
B1 globin Q9QUT6_9MURI 15,824 4.3 Other Oxygen transporter activity
Peptidome
Neurogranin NEUG_RAT 7,492 42.8 Other Neuropeptide hormone activity
Fibrinogen « chain precursor FIBA_RAT 86,632 13.0 Classical secretion Extracellular matrix
B1 globin Q9QUT6_9MURI 15,824 12.9 Other Oxygen transporter activity
Fibrinogen y chain precursor FIBG_RAT 50,600 5.7 Classical secretion Extracellular matrix
A
100
5 —
5 80
[=]

Fic. 3. SC of microdialysate sam- £ 60 m Nucleus
pled with 20- or 100-kDa cutoff points. % 0 Membrane
SC was obtained from proteome and 2 4 m Cytoplasm
peptidome data. Proteome, samples = O Secreted
collected with either 100- or 20-kDa-cut- ug 20 |
off membranes and undergoing trypsin =
digestion before MS analysis. Pep- 0
tidome, samples collected with 20-kDa- 100-kDa Proteome 20-kDa Proteome 20-kDa Peptidome
cutoff membranes and submitted to MS
analysis without trypsin digestion. For = DNA binding
the 100-kDa proteome, six biological " E - B Oxygen transporter activity

samples were analyzed. For the 20-kDa
proteome and peptidome, three biologi-
cal samples were studied. SC was
grouped from cellular localization (A) and
molecular function (B).

B0

&0

40

20

% of total spectrum counting (01}

o Transporter

® Protein binding

O Extracellular matrix

& Structural molecule activity
O Calcium binding protein

O Protease inhibitor activity
O Transfer/carrier protein

0 Meuropeptide hormone activity

100-kDa Proteome

being resolved by MS because of their low molecular weight.
We therefore focused our analysis on peptidomics data. The
total number of spectra assigned through peptidomics analysis
differed significantly between basal (aCSF) and KCI conditions
(81 = 11 versus 53 = 3.6, p < 0.05; n = 6 replicates from three

20-kDa Proteome

20-kDa Peptidome

biological samples). This difference mainly rests on an increase
for proteins (peptides) of the classical secretory pathway (23 =
8.5 versus 40 = 1.5, p < 0.05; n = 6).

Spectrum counting showed a higher proportion of neu-
ropeptide hormone activity in the KCI than in the aCSF per-
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Fic. 4. Molecular function of endog- S 60 N

enous peptides. Spectrum counting ‘:3"' - B Protein binding
was carried out on samples collected in ‘3 40 O Extracellular matrix
aCSF or KCI condition using 20-kDa- % g RS .
cutoff probes. % ® Structural molecule activity

by 20 - o Transfer/carrier protein

R 0 O Neuropeptide hormone activity

aCSF KCI
o 0.20 [] aCSF
9 B KCl FiGc. 5. Spectrum counting of neu-
58 0.15 ropeptide precursors. Samples were
E collected in aCSF or KCI condition using
8 0.10 20-kDa-cutoff probes. SC was normal-
P ized by total SC and averaged from six
2 * analyses. Each error bar corresponds to
§ 0.05 I | the standard error of the mean. *, p <
< 0.05 by Mann and Whitney test.
g - N

Proenkephalin A precursor

fusion condition (68.9 versus 49.7% of total spectrum count-
ing) as indicated in Fig. 4. Indeed neuronal depolarization led
to the detection of a series of proteins (CCKN, pro-SAAS,
SCGl, and SCGilI) corresponding to neuropeptide precursors
absent in basal conditions. In addition, PENK and VGF, albeit
present in the basal condition, displayed a robust increase in
the presence of KCI (Fig. 5).

Identification of New PENK Neuropeptides—In KCl-infused
animals, our peptidome data set revealed the presence of 16
non-opioid peptides originating from PENK (supplemental Ta-
ble 2), accounting for 18.9% of precursor sequence coverage.
Based on this data set, we were able to evidence three
subsets of PENK peptides (supplemental Fig. 1). The first
subset corresponded to the sequence SPQLEDEAKE (PENK
198-207), which was previously shown to be a striatal pro-
cessed and secreted peptide (15). Given the general rules
governing prohormone processing (cleavage at dibasic sites
or before single Arg residues) (27-29), we hypothesized that
peptides clustered in the two other subsets corresponded to
truncated forms of the non-opioid peptides MDELYPVEPEEE-
ANGGEILA (PENK 114-133) and FAESLPSDEEG-
ESYSKEVPEME (PENK 239-260). For characterizing these
two putative peptides, we performed MS/MS focused on
doubly charged and triply charged peptides corresponding to
MH™ 2205 (PENK 114-133) and 2489 (PENK 239-260). LC-
MS/MS analysis performed in the KCI condition allowed de-
tecting PENK 114-133 and PENK 239-260 with Mascot
scores of 23 and 42, respectively (Fig. 6). The comparison of

VGF nerve growth factor inducible

MS/MS spectra obtained from synthetic and endogenous
peptides definitively confirmed the amino acid sequence (sup-
plemental Fig. 2).

From proteome data, an additional PENK peptide (DADEG-
DTLANSSDLLK) was detected in trypsin digests. This peptide
putatively corresponds to the N-terminal part of the pro-
cessed non-opioid peptide PENK 143-185. To evidence this
43-amino acid-long peptide, we analyzed samples collected
in the KCI condition by LTQ MS. From MS and MS/MS spec-
tra, we focused on multicharged peptides corresponding to
MH* 4593 (PENK 143-185). MH3*, MH**, and MH®" ions
were detected at m/z 1531.7 (A+0.083), 1149.08 (A+0.07) and
919.8 (A+0.4), respectively (Fig. 7A). Because the MH3* pep-
tide ion was not fragmented and because Mascot is unable to
resolve the MH*" and MH®" peptide ion MS/MS spectra,
identification was based on the theoretical spectrum gener-
ated by MS products (ProteinProspector). Fragment annota-
tion confirmed the peptide sequence DADEGDTLA-
NSSDLLKELLGTGDNRAKDSHQQESTNNDEDSTS and thus
the occurrence of processed PENK 143-185 in striatal micro-
dialysates (Fig. 7B). Long peptide experiments also pointed to
two additional peptides originating from the VGF precursor.
These peptides were evidenced from MH®* 1157.9 (GGGEDEV-
GEEDEEAAEAEAEAEEAERARQNALL) and MH** 1042.1 (APPG-
RSDVYPPPLGSEHNGQVAEDAVSRPKDDSVPEVRAA) with
Mascot scores of 117 and 72, respectively.

Biological Activity—Haskins et al. (15) previously demon-
strated the neuroactivity of new PENK peptides detected by
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MS analysis of the rat striatum microdialysate. Here we
screened two new non-opioid peptides derived from PENK
(PENK 239-260 and PENK 114-133) for neurochemical ac-
tivity by infusing the striatum with the synthetic peptides by
microdialysis and monitoring the amino acids present in the
dialysate. The samples collected were analyzed by HPLC with
laser-induced fluorescence detection, making it possible to
monitor six amino acids at 10-min intervals (Fig. 8). We found
that the release of glutamate in the striatum was rapidly
increased by PENK 239-260 and PENK 114-133. Notably
PENK 239-260 elicited a highly significant 3-fold increase of
glutamate concentration that persisted throughout the dura-
tion of peptide infusion. The PENK 114-133 effect on gluta-
mate concentration was much smaller, but this peptide also
was shown to decrease GABA concentration. DOPAC, dopa-
mine, and HVA concentrations scattered around basal levels
irrespectively of the presence of PENK 239-260 and PENK
114-133.

DISCUSSION

Here we present a thorough characterization of the rat
striatal microdialysate using a parallel peptidome and pro-
teome profiling drawn with different MS instruments and mi-
crodialysis probes. The data set consists of 88 proteins and
100 endogenous peptides derived from 29 protein precursors.
Our assay was flexible enough to detect high molecular
weight molecules as well as native peptides that were shown
to be biologically active. Bioinformatics tools (SignalP and
SecretomeP) and evaluation of brain damage (based on cy-

toplasmic protein levels) provide strong evidence to suggest
that we sampled secreted molecules. Moreover most of the
peptides and proteins whose expression was recorded in this
study are brain-specific, and several of them (PENK, Purkinje
cell protein 4 (PCP4), and RGD1307215 protein) are encoded
by genes highly expressed in the striatum (30). In line with
previous studies of cerebrospinal fluid or brain secretome (7,
8, 14), we detected proteins (serine protease inhibitors, fibrin-
ogen B, enolase, and complement C3) up-regulated in trau-
matic brain injury (31) and plasma proteins such as apoli-
poprotein A-l and «,-antiproteinase. However, kinetics
analysis demonstrated that blood contamination and cell
damage occurred mostly just after probe implantation and are
therefore minimal using our experimental setup (sample col-
lection after 1 h).

Repertoire of Proteins Secreted in the Striatum—The pro-
teome repertoire characterized in this study consists of 88
proteins. Previous in vitro (8, 9, 32) and in vivo (14, 15) studies
of proteins secreted by brain cells listed five to 43 proteins.
The larger number of proteins detected in our study highlights
the relevance of our approach. Moreover to deeply explore
our data set and obtain relative quantification of dialysate
proteins, we performed spectrum counting analysis of sam-
ples collected using 100- and 20-kDa-cutoff probes. For high
molecular weight samples, 90% of the protein population is
described as secreted. The classical secretion pathway,
which successively transports proteins from endoplasmic re-
ticulum to the Golgi apparatus and finally into secretory ves-
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icles, appears to be the major route (94%). For 20-kDa sam-
ples, 62% of the proteins were classified as secreted with a
similar proportion being routed by the classical and non-
classical secretory pathways. For such samples, the relatively
large fraction of proteins referred to as “cytoplasmic” may
reflect alternative secretion mechanisms. Indeed metabolic
enzymes, cytoskeletal proteins, and chaperones (33) have
been shown to be secreted by the endocytic pathway (34, 35).

Concerning molecular functions, in 100-kDa samples the
abundance of proteins of the transfer/carrier protein group

was high. The level of albumin, a protein recently shown to be
secreted by microglial cells (36), largely accounts for the high
representation of this function. In addition, several other carrier
proteins such as apolipoprotein E, acyl-CoA-binding protein,
phosphatidylethanolamine-binding protein A, and ceruloplas-
min are also detected as abundant products in dialysates.
These proteins are secreted by astrocytes (8). Apolipoprotein E
and acyl-CoA-binding protein play an important role in lipid
distribution and metabolism (37, 38), and ceruloplasmin may
contribute to heme and iron sequestration in the central nervous
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FiG. 8. Effect of peptides infusion on
amino acid concentrations in the stri-
atum. Changes, recorded at 10-min in-
tervals, in DOPAC, dopamine, HVA, glu-
tamate (GLU), and GABA concentrations
during the delivery (—) of 107* m pep-
tides PENK 239-260 or PENK 114-133
through the dialysis probe. Results are
expressed as percentage of base line.
Each error bar corresponds to the stand-
ard error of the mean. Asterisks indicate
statistically significant changes (*, p <
0.05; **, p < 0.01; ™, p < 0.005) in
analysis of variance and Fisher’s post
hoc least significant difference test for
comparisons with the base line. Each
point is the mean value obtained from
three to four animals.
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system (39). The presence of these proteins in microdialysates
suggests that the striatal secretome supplies a variety of carrier
proteins that are essential for the homeostasis of the central
nervous system microenvironment.

In 20-kDa proteome samples, calcium-binding protein is an
abundant molecular function. The efficiency of synaptic trans-
mission is critically dependent on cytosolic [Ca®*], and cal-
cium signaling is crucial for several aspects of plasticity at
glutamatergic synapses. SecretomeP predicts a “non-classi-
cal” secretion pathway for the most abundant calcium-bind-
ing protein, PCP4. PCP4 has a conserved IQ motif, which may
serve as a binding site for various EF-hand proteins, including
calmodulin (CaM) and CaM-like proteins. CaM kinase Il §
chain and A-kinase anchor protein 5, both present in micro-
dialysates, also bind calmodulin. A-kinase anchor protein 5
has been shown to be located within the postsynaptic mem-
brane (40), and CaM kinase Il § chain is a calcium-dependent
protein kinase that has been implicated in various aspects of
synaptic plasticity. Bioinformatics tools predicted the secre-
tion of these proteins through non-classical mechanisms. We
hypothesize that detection of a number of calcium- and calm-
odulin-binding proteins in striatal secretome may highlight
neuronal activity and synaptic plasticity. Furthermore these
proteins may be involved in the regulation of extracellular
[Ca®™].

The “structural molecule activity” function is evidenced in
both 20- and 100-kDa samples. Several proteins with such a
function (actin, tubulin, neurofilament proteins, a-internexin,
profilin, and MAP-1) are potentially associated with the syn-
aptic vesicle membrane (41). Their occurrence, together with
that of proteins of the protease inhibitor activity group, points
to the control of neuronal architecture. Indeed protease inhib-
itor activity proteins contribute to the pattern of neuronal
connections associated with long lasting forms of synaptic
plasticity (42).

Repertoire of Striatal Neuropeptides—As expected, in the
peptidome data set, the most abundant endogenous peptides
belong to the neuropeptide hormone activity category. Neu-
ropeptides are required for cell-to-cell communication in neu-
rotransmission and for the regulation of endocrine functions.
They are processed from protein precursors by a proteolytic
mechanism, packaged into large dense core vesicles, and
released to bind receptors on the postsynaptic target neuron.
Our peptidome data set shows that these peptides are all
processed at dibasic sites or before single Arg residues as
previously reported for polypeptides detected in cerebrospi-
nal fluid (43). In our peptidome, we evidenced new processed
and secreted neuropeptides: VGF peptide 24-63, SCGI pep-
tide 304-321; and PENK peptides 114-133, 143-185, and
239-260. Moreover the processing of the VGF peptide 375-
420 is suggested both by peptidomics (cleavage at the diba-
sic 373-374 site) and proteomics data (cleavage at the dibasic
421-422 site). Thus, our data add new candidates to prior
studies of the rat neuropeptidome (44-46).

We also detected a prohormone-like processed peptide
(GPGPGGPGGAGGARGGAGGGPSGD), referred to as NEUG
55-78. To our knowledge, NEUG processing has never been
reported. This protein has been described as cytoplasmic,
and its secretion is not predicted by bioinformatics tools.
Although the presence of cytoplasmic peptides could result
from normal degradation by exosomes, peptidomics data
suggest a different process for NEUG peptides. NEUG dis-
plays an IQ motif involved in calmodulin binding. However, the
processed peptide present in microdialysates does not con-
tain this motif. Furthermore the protein displays several diba-
sic sites, a feature present in neuropeptide precursors, and
the C-terminal NEUG peptide 55-78 is specifically processed
at one such dibasic site (53-54 site). This prohormone-like
processing and the high abundance of NEUG peptides in
microdialysates are highly consistent with striatal secretion
and suggest a new bioactivity for NEUG. The absence of a
signal peptide in NEUG suggests that this peptide is secreted
via a non-classical secretory mechanism.

Identification of New Biologically Active Neuropeptides—As
expected, the three non-opioid PENK peptides (PENK 114-
133, PENK 143-185, and PENK 239-260) described here are
encompassed by dibasic sites, consistent with their produc-
tion via a prohormone convertase activity. One characteristic
feature of these peptides is a very high content of acidic
residues, a hallmark for secreted peptides (43, 47, 48). The
data obtained in the experiments with KCI, along with previ-
ous data (15), definitively demonstrate that all PENK frag-
ments are co-secreted in the striatum. PENK was initially
characterized as a precursor of the neurotransmitter opioid
peptides Met-enkephalin, Leu-enkephalin, heptapeptide, and
octapeptide. There is experimental evidence showing that
opioid peptides decrease the excitatory postsynaptic poten-
tial (49, 50). Conversely recent results have suggested that the
non-opioid PENK peptide 198-209 increases the release of
glutamate and aspartate and that PENK 219-229 increases
the release of glutamate and GABA (15). We demonstrate here
that PENK 239-260 and, to a lesser extent, PENK 114-133
strongly increase the release of glutamate and that PENK
114-133 decreases the release of GABA. As the endopepti-
dase process ensures the release of all PENK peptides into
the extracellular space, it is worth emphasizing that opioid
and non-opioid peptides originating from PENK exert oppo-
site effects on neurotransmitters.

In conclusion, the versatile proteomics approach described
here enables in-depth characterization of the rat striatal se-
cretome. Furthermore we demonstrate that a combination of
microdialysis sampling and peptidomics analysis can be used
to identify new biologically active neuropeptides and to ex-
plore temporally and spatially their release process in specific
brain regions.
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