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RZsultats | La SCP: une oppontinitZ pour IOanalyseotZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultats | La SCP; une opportunitZ pour IOanalpsetZomique du cerveau vivant.
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RZsultatsll: Validation dOun nouvel outil pour la captireivale tissu cZrZbral.
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RZsultatsll: Validation dOun nouvel outil pour la captireivale tissu cZrZbral.
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RZsultatsll: Validation dOun nouvel outil pour la captireivale tissu cZrZbral.
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Access to cerebral tissue is essential to better
understand the molecular mechanisms associated with neuro-
degenerative diseases. In this study, we present] fst the
time, a new tool designed to obtain molecular and cellular
cerebral imprints in the striatum of anesthetized monkeys. The
imprint is obtained during a spatially controlled interaction of a
chemically moded micro-silicon chip with the brain tissue.
Scanning electron and imniumarescence microscopies
showed homogeneous capture of cerebral tissue. Nano-liquid
chromatograpiyandem mass spectrometry (nano-LC-MS/
MS) analysis of proteins harvested on the chip allowed the
identl cation of 1158 #érent species of proteins. The gene expresdites momRNA extracted from the imprint tool
showed great similarity to those obtained via the gold standard approach, which is based on post-mortem sections of the s
nucleus. Functional analysis of the harvested moledutasctme spatially controlled capture of striatal proteins implicated
in dopaminergic regulation. Finally, the behavioral monitoring and histological results establish the safety of obtaining repee
cerebral imprints in striatal regions. These results demonstrate the ability of our imprint tool to explore the molecular content
deep brain regioimsvivo They open the way to the molecular exploration of brain in animal models of neurological diseases anc
will provide complementary information to current data mainly restricted to post-mortem samples.

KEYWORDS:Neurodegenerative diseases, cerebral imprints, in vivo, tissue harvesting, proteomics, transcriptomics

With the demographic aging and the augmentation of the Id@imat In fact, performing several biopsies in the same brain
expectancy, age-related neurodegenerative disorders areegions is unthinkable because of the leg&tots €aused by
increasing public health problem. Until now, the exaeurrent biopsy tooté.We recently developed a new tool
pathogenetic mechanisms underlying the degenerative progpgsically adapted for brain tissue imprints. The harvesting
in neurological diseases are still not undetstodect, the  surface is based on a silicon chip, which harbors chemical and
relative inaccessibility of cerebral tissue impedes the molecyl@|ctural modcations. During a surgical approach less
analysis of pathological brain regions in the early postdiagnogligmatic than biopsy, we demonstrated that this microchemi-
stagle. é%ghofu%h genomic Sx?re_ssmn ﬁﬁmE;proteolrnlp ally modied surface, when exposed to the speeestigated
analys of human cerebral lissues permit correlation OEJain area, provides local cellular capture. As a result of anionic

some biological pathways, including mitochondrial an ture, both cells and extracellular matrices are harvested
proteasomal dysfunctions or oxidative stress, to neurolog%aarl’ ’

diseases, all of these results have been restricted to pBEY!ding @ unique opportunity forsity spatially oriented
mortem samples and are generally derived during advangitparvesting. On the basis of this concept, we have developed
disease stages. With the development of animal modelsa §Petic device for primate research. In this study, we assessed
neurodegenerative diseases in pritnategssibility to and
analysis of the brain atetient stages of degeneration is now August 4, 2012
conceivabfé However, this requires the $aerbf the animal,  Accepted: December 8, 2012
rendering impossible brain molecular follow-up in the same
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(i) the capacity of our tool to harvest brain molecules in thienprints in the putamen and caudate nucleus had hoesigni
putamen and caudate nucleus (i.e., striatum) of a healtdyect on the distances moved and the velocities of movement,
monkey and (ii) the lesionaleets induced by repeated compared with their individual baseline values (Mann
targeting in basal ganglia. Molecular investigations on the tisafigtney testp value > 0.05). From tHest to the"fth

captured by the silicon chip demonstrated the compatibility @fiprint, behavior assessments were not progressively worsened,
our strategy with large-scale transcriptomic and proteongier rming there is no cumulativeeet induced by repeated
studies. Furthermore, the behavioral monitoring of the anime&s| insertion (Figure 2C). The same results were obtained
following repeated brain tissue imprints did not reveal amyth"nger-skill tests (Figure 2D); the time required to pick up
obvious motication. Finally, both the postmortem imagingrewards in three !dirent wells was sitgantly dierent

and histological analyses"ooed the minimal lesioheet between the two monkeys at basagimale = 0.0002), while

iiduced by our tool. for each monkey, nd dience was observed before and after
cerebral imprintp& 0.05). These results suggest that our tool
. RESULTS AND DISCUSSION may allow repeated cerebral imprints in basal ganglia without

In this study, we present a new tool developed by our grofynctional lesion-induceceets.
and designed to obtain cerebral imprints in the basal ganglia ofo corfrm thein vivocapture of tissue on the silicon chip,
monkeys (Figure 1). This tool is based on a silicon chip, whigle performed scanning electron micrography (SEM). As
shown in Figure 3A, the cerebral imprint permitted
homogeneous capture of a thin layer of putamen tissue on
the silicon chip (left picture). A focus on the micropillar surface
showed the presence of a variety of cells (middle), including
elongated and adherent cells with extensive processes (right).
To identify the cell subtypes captured on the chip,
immundtuorescence labeling was performed using antibodies
against GFAP and NeuN. As shown in Figure 3A, apart from
blood contamination, putamen tisswed on the chip was
identf ed as neurons (NeuN positive nuclei) and astrocytes
(GFAP positive cells). These results demonstrate the ability of
the tool to harvest a homogeneous, thin layer of brain tissue.
Thus, a spatial cellulangerprint is obtained providing a
unique tridimensional spatially oriented biocapture.

To further characterize the molecular content of the freshly
harvested tissue, we used nano-liquid chromatbtaaghyn
mass spectrometry (nano-LC-MS/MS) to identify the captured
proteins.

) . o We"rst quantied the total protein amount present on the
Figure 1.Tool design and X-ray scan of a cerebral imprint (A) ., .. . ; - .
Sghematic represen%ation of the )i/mprint tool. The guide tutf)e pre(ve)ﬁg'p' Four dierent cerebral imprints performed in putamen
the capture of nonsplctissue during the descent. The exposure of'd caudate nucleus of both monkeys revealed an average
the silicon chip by a J8@tation of the inner tool allows harvesting capture of 168 4.8! g of proteins. The qualitative capture of
of the desired tissue. (B) Picture of the imprint tool. (C) X-ray scan éli! erent proteins by the chip was assessed by both' Mt pro
the monkey skull during the execution of a cerebral imprint in trend 1D sodium dodecy! sulfgtelyacrylamide gel electro-
caudate nucleus. The window of exposure (white arrow) is easily segoresis (SDFPAGE) migration (Figure 4A). Both techni-
ques revealed the harvesting of maeyedt mass proteins
despite the presence of hemoglobin around 15 kDa. In addition

capture of tissue in nonspeciegions, the silicon chip is to these approaches, we performed an extensive proteomic

hidden during the insertion and removal of the tool. Once tHg1aracterization of the tissue harvested on the chip. The
tool is inserted into the targeted region, the silicon chip fnount of recovered material, approximatelg b8 total
exposed via the window of the guide tube, allowing the tisqR[@t€ins, permitted analysis of the sample by nano-LC-MS/MS
imprint to be obtained. The main aims of this study were @8nd @ total of 1158 !dirent proteins were idéetl and
cor'rm (i) the capacity to perform multimolecular analysi§onsidered for further analysis. _ _
from in vivocerebral imprints and (i) the safety of repeated The presence of brain associated proteins such as glial
cerebral imprints in the basal ganglia. Figeedi cerebral "brillary acidic protein (GFAP), neuronal Spesgptin 3,
imprints were performed at efient times in both caudate Synapsin 1, or neural cell adhesion molecules 1 and 2 (NCAM
nucleus and putamen of twicedént monkeys. We performed 1/2) cor'rmed the harvesting of cerebral parenchyma. The
10 dl erent cerebral imprints in two monkeys, and only Submission of these 113&dent species to Ingenuity Pathway
imprints have been displayed in this study. Analysis for functional characterization highlighted 347 and
After each cerebral imprint, motor mger-skill tests were 91 dl erent proteins, which have been described as implicated
performed to monitor potential behavior headions of each  in neurological and psychological disorders, respectivel
monkey. Baseline assessment of the distances moved (Fifftigure 4C). These proteins are ‘Sagmitly implicated in
2A) and the velocities of movement (Figure 2B) werdrain spetc signaling pathways such as axonal guidance and
signicantly dierent between the two monkeys (Mann synaptic long-term potentiation or depression but also in
Whitney test; distance movpdsalue = 0.0089; velocipy, neurological disease associated pathways such as Huntington or
value = 0.0091). However, for each monkey, repeated cereBaakinso® diseases (Table 1).

has been chemically and structurally'ethdlo prevent the
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Figure 2Motor activities of monkeys after repeated cerebral imprints. Distance moved (A) and velocity of movement (B). Animals were assess
the video system for 60 min before thecerebral imprint (PRiE= 5) and after each imprint (POSTE 5). Evolution of the distance moved

after each cerebral imprimt=(5) for both monkeys (C). Finger skill tests (D). Animals were assessed by the time required to pick up three peanu
in 1 cm wells before thest (PREn = 15) and after each cerebral imprint (P@QSTL5). Data are presented as the me&¥* p< 0.01r**

p < 0.001, Marnwhitney test.

Figure 3.Microscopic observation of a cerebral imprint (A) Scanning
electron micrograph showing (left) the homogeneous capture of tissue

?F‘ thrl)e siliccl)n chit;J,d(miclildIg?[ha va:riety of cells on the(lrgr;i(iropillar, Etlrlﬂgure 4.Proteomic analysis of the cerebral imprint. Analysis of
right) an elongated cell with extensive processes. mmunostainz, . PN

ing of glial brillary acid protein (GFAP) and neuronal nuclei (NeuN)atrfggn:pgﬁgzﬁgz?r;r%rpng fggetggl Ilr:]mrgt]itogélla[)nﬁc?tit-izﬁ%lfz t(hAg and
on the captured cerebral imprint. Astrocytes wereadeagiGFAP- rebral imprint proteome id.éed by nano-LC-MS/MS. The bar
positive and NeuN-negative cells (top) and neurons showed Neu aph represents the number of idedproteins in each .disease or
positive nuclei without GFAP labeling (bottom). The chip was stain Lorder signaling pathways tksis the most sibeant using the

for GFAP (red), NeuN (green), and Hoechst (blue). Ingenuity Pathway Analysis software.
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Table 1. Functional Analysis by Ingenuity Pathway Andlysis

Ingenuity canonical IPA cerebral ratio
pathways p-value DataBase imprint (%)

Parkinso® signaling 1.00! 10° 18 5 27.8

Huntingtor® disease 3.16! 10 238 40 16.8
signaling

glioma invasiveness signaling 191774 60 9 15.0

synaptic long-term 1.74! 10° 114 16 14.0
potentiation

dopamine receptor 3.39! 10° 95 13 13.7
signaling

amyotrophic lateral sclerosig.12! 10 ° 119 16 13.4
signaling

glutamate receptor 9.77! 10* 69 9 13.0
signaling

axonal guidance signaling p.ao 4 433 56 12.9

dopaminé DARPP32 3.24! 108 187 16 8.6
feedback in cAMP
signaling

synaptic long-term 1.29! 102 147 12 8.1
depression

3Signaling pathways digantly represented by the idexttiproteins

from a putamen-targeted cerebral imprint. Pathways displayed in bold

are associated with Parki@disease and putamen signaling. The

ratio is calculated as the number of proteins from the cerebral impfmgure 5. Assessment of RNAs from the cerebral imprint in
that map to the pathway divided by the total number of proteirg@mparison with RNAs from the corresponding post-mortem sections.

described as associated with the pathway (IPA DataBase). (A) Venn diagram representing the extent of overlap of probe sets
detected from RNA extracted from cerebral imprint and post-mortem

sections. (B) Linear regression curve representing the intensity of

. - 14 15
1I\6/Ioreover, the Ide_ht]atlor71 of -Synu_clelﬁ,_DJ-l, U%HL' expression of the common probe sets between cerebral imprints and
1, monoamine 0X|da.se1 BsuperOXIde d|SmUté§é, a.nd Post_mortem Sections_

tyrosine hydroxyl&8éndicates that the cerebral expression o
relevant proteins for PD studies could be determined by our
approach in a living monkey. Finally, the lidatitn of reproducibility between the two post-mortem sections (data
tyrosine hydroxylase and the 'sigmit expression of both not shown). The comparison of cerebral imprints and post-
dopamine receptor signaling and dopamiBPP32 feed- mortem sections revealed 89% detected probe sets in common
back in cAMP signaling with IPA strongly suggest that ti{Eigure 5A), and the linear regression curve (Figure 5B)
cerebral imprint had been performed in a brain region witievealed a great correlation between their expressions in
dopaminergic activity, such as the putamen or caudateprints §) and control samples)(y = 1.003%; r = 0.987).
nucleud® 2* These results demonstrate the capacity of ouFhese results revealed (i) the gene expression reproducibility of
tool to harvest and identify relevant proteins in sfeeain two consecutive cerebral imprints and (ii) similarity with gene
regions. expression of the gold standard post-mortem sections.
Complementary to proteomics studies, microarray analyBisctionally, the capture by our tool of mMRNA previously
provides considerable information about molecular pathwalescribed by Bossers éfaks dlerently expressed in a PD
deregulated in neurodegenerative dise&Sgmrticularly in  post-mortem caudate toned our ability to reach relevant
PD?" 29 This technology measures the mRNA levels of aftanscriptomic information from our cerebral imprints.
known genes coding for proteins in a given sample The post-mortem MRI of one dissected brainroed the
simultaneousf).Because RNA is labile and subject to rapigroper trajectories of our imprints (Figure 6B). GFAP staining
degradation, extraction and quality control are critical to enswas used to visualize astrocytes around the imprint tool tracks,
a relevant analy3tsin general, microarray analyses arebecause insertion of probes into the brain parenchyma induces
performed from post-mortem extracted RNA; here, wa glial reaction. An increase in the density of glial cells and the
analyzed expression levels of RNA extracted from the caudtigth of glial cell processes is seen. Gliosis around imprint tool
nucleus of a living primate. Two cerebral imprints wergacks was investigated using qualitative analysis at light and
successively performed in the same caudate nucleus, and ldal scanning microscopic levels of sections stained with the
RNA was extracted. We aimed to compare their similarity wéhtroglial marker GFAP and the pan-microglia marker Iba-1. In
RNA extracted from post-mortem sections of the same cauddie brain examined at 1 month after acute probe implantation,
nucleus, which is the gold standard method, used herelage, strongly stain@eéactive astroglial clieere observed
control samples. First, quality was controlled; the quality of taeound the probe tracks (Figure 6D). Increased GFAP staining
RNA extracted from the imprint tool was satisfactory angp to 300"m was observed at the imprint tool implantation
similar to the post-mortem sample (rRNA 28S/18S ratio site. In parallel, the Iba-1 staining was used to visualize
1.1). The analysis of the cerebral imprints revealed 2##tcroglia composition in the brain tissue around the tools
detected probe sets in common (i.e., 14691 out of 54675) walsutely implanted with the imprint tool 1 month following
95% reproducibility between the two imprints (Figure 5A) anidhplantation. We did not observe any microglia activation
a high correlation (Figure 5B) between their expression around the tracks; however, some macrophages were visualized
imprint 1 §) and 2 &) (y= 1.000%; r = 0.994). The control in the tracks, possibly related to localized microbleeding (data
sections showed a detection ratio of 28% and 85%@t shown).
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Figure 6 Brain tissue imprinting in monkey: A combined MRI and histological analysis. (A) A coronal plane of the Rhesus monkey brain atlas
the imprint tool trajectory. (B) Coronal MRI view of an imprint tool track in monkey caudate nucleus. (C) Photomicrograph showing cresyl vio
staining around an imprint tool track. Calibration bar = rA0qD) Photomicrograph showing astrocytes (GFAP staining, green) and
counterstained cells (PI staining, red) around one imprint tool track (asterisk) following acute implantation in monkey caudate nucleus. Calibr
bar = 100 m.

standard conditions of temperature(2B;C), humidity (65%
- . . 4%), light (12 h light/dark cycle), and food/water available ad libitum.

The ability to access cerebral tissue is mandatory to betteggical Procedure After induction under general anesthesia with
understand molecular mechanisms associated with neW&aminexylazine (10 mdl mg/kg, im, Imalgene, Centravet,
degeneration. The development of animal models such as ghgnce), the monkByhead wasxed in a Kopf stereotaxic frame
MPTP-monkey for PD provided the possibility to access brgibavid Kopf Instruments, Tujunga, CA, USA). All operations were
tissue at derent stages of neurodegeneration. However, therformed under sterile conditions. Ventriculography was performed
absence of an adapted tool for brain tissue harvesting limig¥dnjecting a contrast medium into the anterior horn of the lateral
studies to post-mortem samples. ventricle at 27 mm anterior to the interaural line and 2 mm lateral to

This work introduces a new tool that could inform about the midline with an angle ofj 28nteroposteriorly. Positions  of
vivomolecular and cellular content of brain regions in monke%te'rlor (AC) and posterior (PC) commissures were" gtbuth a

. . ) ittal radiograph. Cannulae Wezd on the skull bone above the
through the harvesting of a thin layer of tissue. Repeatﬁ’{;ﬂt putamen at 3 mm posterior to AC and 11 mm lateral to the

cerebral imprints in deep nucleus did not induce MOtQhidline, and above the right caudate nucleus at 3 mm anterior to AC
impairments and provided specproteomic and tran-  and 4.5 mm lateral to the midline, according to the stereotaxic atlas of
scriptomic information. In fact, one technical advance of thiacaca fasciculaBraininfo, University of Washington, http:/

tool resides in its ability to expose the capture surface onceviaininfo.rprc.washington.edu/). Analgesic/#athimatory thera-

the targeted nucleus, preventing molecular contamination froies (ketoprofen 2 mg/kg, im) and antibiotics (amoxicillin/clavulinic
other tissues. The capacity to perform several imprints on #féd, 10 mg/kg, im) were administered during the postoperative
same monkey at drent times in Herent brain regions opens Period.

; ) .~ The Imprint Tool. The imprint tool is composed of three
the way to a personalized molecular follow-up of braIlrrlidependent parts (Figure 1A,B). (1) A guide tube of 1-mm external

Diterent nuclei cou_ld be S|mul_taneo_usly or Success'v%]i)émeter with a window of 7-mm. The length of the window has been
explored by proteomic or transcriptomic approaches to M@R,sen in accordance with the height of putamen and caudate nucleus
the living brain and to complete information provided fromy the coordinates of the cannula location. (2) A tool of 0.6-mm
post-mortem analyses. As classically observed after dlgneter with a dedicated space to support the silicon chip. (3) The
introduction of microsurgical tools in the human brain, cerebgilicon chip of 7-mm with an anionic surface and micropillar design to
imprints also activated astrogliosis and induced microbleedingrease the interaction surface. Once inserted in the guide tube,
We should be aware about the tissue damages induced byr@kasion of the tool by 18@xposes or hides the chip in the window.
tool introduction, which may ezt protein and mRNA Behavioral Monitoring. To assess the potential lesions induced
expression in targeted nuclei. In a context to understafy Prain imprints, cage activity levels were assessed in 1 h intervals
molecular motiations induced by neurodegenerative diS(_each Tuesday 10:00), before"tisecerebral tissue imprint (control

. A - phasen = 5) and 4 days after each imprimt=(5). Behavioral
eases, imprint-induced modtions should be well charac- measures, including distance traveled (m) and movement speed (cm/

terized and distinguished from those induced by a pathologga ere quarited from videotape recordings using an automated

process through the use of unilateral model. Our approa@feo-tracking system, Ethovision (Noldus Information Technologies,

could also be helpful in experiments assessing the moleculd Netherlandsf. The calibration of the software permitted

el ects of strategies such as high-frequency stiffulation determination of the position of the animal based andy

gene therapv_ coordinates, which were then used to calculate ehentlimotor

I paran;]etersa f each lorger skill I d objectively b

At the end of each sessiarger skill was also tested objectively by

. MATERIAL AND METHODS measuring the mean time required to pick up peanuts in three 1 cm
Animals. Experiments were conducted on two cynomolgusliameter wells. The measure was included only if the monkey kept

monkeys Nlacaca fascicuta®RP Port Louis, Mauritius): age 8 focus on the wells until all the peanuts had been collected. Mann

years old, weight 8 kg (monkey 1), and 10 years old, 11 kg (monkéshitney tests were performed using GraphPad InStat version 3.00

2). All experiments were carried out in accordance with th@raphPad software, San Diego, California, USA).

recommendations of the European Community Council DirectivesExperimental Protocol. Every 15 days, under the same general

of 1986 (86/609/EEC), the National Institutes of Health Guide foranesthesia and sterile conditions, the n@®iead wasxed in a

the Care and Use of Laboratory Animals. The Ethics Committee KWbpf stereotaxic apparatus. The imprint tool "wed to the

Region Rhue-Alpes approved the experimental protocol. Animaktereotaxic manipulator. It was slowly inserted via the cannula so the

were kept with other congeners in an air-conditioned room undeindow was exclusively in the putamen (i.e., 23 mm below the dura)
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or the caudate nucleus (i.e., 20 mm below the dura). The silicon chigsay (Bio-Rad Laboratories, Hercules, CA, USA). We performed MS
remained unexposed to the window during insertion of the cannulag@! ling using cationic ProteinChip arrays (CM10, Biorad). The
prevent nonspéci molecularxation. Once the cannula was inserted proteinChips were equilibrated for 5 min with!156f binding

into the target, the tool supporting the silicon chip was rotated by 18§ er (100 mM sodium acetate at pH 4). Two micrograms of total

to expose the chip for 2 min, thus allowing the cerebral t'Ss”e(f)ﬁ;’oteins was applied to each ProteinChip and incubated for 60 min at

imprint. The chip was then hidden by a new rotation of the inner to bom temperature. The arrays were washed three times with the

and the imprint toql was slow!y removed from brain (Figure 1C dequate binding 'ter then rinsed with deionized water. After air-
Overall, 10 tissue imprints (5 in each nucleus) were performed for .

both monkeys. Animals were sedrby sodium pentobarbital (150 rying, .0'8 L of _satu_rated sinapinic a_cid matrix (50% aqetonitrile,

mglkg, iv) administration, and the brains were removed quickly aff&P% t#uoroacetic acid) was added twice to each array spioig Pro

death. One brain was immediately frozen by immersion in isopent3¥@s Performed on a MALDI mass spectromete#g&utgruker) in

(1 45{C) and then stored &t80 jC until molecular analysis. The & linear mode;. 5400 laser shots were acquired for each sample with a

other brain was immersiored in 4% paraformaldehyde solution in laser intensity of 55 and a matrix attenuation of 1000 Da. An extensive

0.1 M phosphate ber for 1 week and cryoprotected in 30%red examination of the protein extract was also performed from one

sucrose until it sank. A post-mortem MRI was performed on the braiprint by nano-LC-MS/MS. Fifteen micrograms of proteins was

to corl rm the trajectory of the cannulae. The brain was imaged indiuted in Laemli Ber and loaded in duplicate on BRSGE gel

Bruker Biospec USR AV Il 4.7 T/400 mm scanner with a 600 mT/mBioRad Laboratories) for protein electrophoresis migration. The gel

'eld gradient interfaced with ParaVision 5.1 software (Bruker Biospggs stained with Coomassie blue and sliced in 12 bands prior to

Wissembourg, Germany). Images were acquired in the coronal p!)%l?oacetamide alkylation and in-gel digestion using trypsin. Peptides

NaCl soliion and rozen, Horizontal sbchonG0vere collecied  ere exiracted from gel bands and dried in a SpeedVac. Pepiides were
: gﬁuspended in 2% acetonitrile/0.2% formic d@d dnd injected

from the imprint sites using a cryostat (Leica Microsystems, Nussld o . .
GmbH). Some sections were processed to detect the implantatlBif @ nano-liquid chromatography system (Ultimate 3000, Dionex)

sites using cresyl violet staining. Antibodies used were raised agQfigeled to an LTQ Orbitrap Velos (Thermo). Peptides were
GFAP (rabbit polyclonal, diluted 1:1000, Dakocytomation, GlostrupeParated using a micro-precolumn cartridge (C18 Pepmap 100, LC
Denmark) as a marker for astrocytes, and Iba-1 (rabbit polyclorfd@ckings) and then separated using a 90 min RP gradient on a C18
diluted 1:1000, Wako Chemicals GmbH, Neuss, Germany) was usetimn (Gemini C18 Bm 100A, 78 m! 150 mm).

as a pan-microglia marker. Incubations for primary antibodies wer®ata were processed using Mascot server 2.3.0 (Matrix Science)
maintained overnight at {€. After washing, the sections were using following parameters: Enzyme=Trypsin/P with a maximum of
incubated in Alexa 488 secondary antibodies (diluted, 1:10G%0 missed cleavages, a mass tolerance of 10 ppm for MS and 1 Da for
Molecular Probes, Leiden, The Netherlands) for 1 h at roonus/ms, with d xed modixation of carbamidomethyl (C), and two
temperature. Counterstaining cells for confocal laser scannipgiaple mobiations of acetyl (protein N-term) and oxidation (M).
microscopy was done with propidium iodide (Molecular Probegyjigation and false-positive rate assessment were performed using

Leiden, The Netherlands). After additional rinsing, the sections w - i . L
mounted with Fluorsave (Merck KGaA, Darmstadt, Germany) aﬁ A and hEIDI sof_twares. Protein groups iéentiith a minimum
éwo di erent peptides were validated.

bound primary antibodies were visualized on a confocal microsc8 ur data set was further submitted to Ingenuity Pathway Analysis

Olympus, Hamburg, Germany). . °
( gergbral Impringt] Microscgg)y. Two di'erent chips from software (Ingenuity Systems, Redwood City, CA) to perform the

putamen were used for microscopy; one for scanning electrbfictional characterization of the proteins recovered from the imprint

micrography and one for imn#marescence. tool. This automatic annotation tool uses a knowledge database and
Scanning electron micrography (SEM) was carried out to obse@gsigns proteins to functional classes drcspanbnical pathways

the distribution of the tissue harvested by the silicon chifCP) related to various biological procédses.

Immundgfuorescence was used to! monthe presence of neurons Transcriptomic Analysis.Two dlI'erent cerebral imprints from

and astrocytes on the ch_ip in contact Wit_h putamen tissue. the same caudate nucleus were used for transcriptomic comparison.
To !x the tissue, the silicon chip was immersed into 1 mL of 4%nce the cerebral imprint was performed, the silicon chip was
PFA in PBS Ber for 30 min. removed and quickly immersed in!306f the lysis Bier from the

For SEM, the chip was then dehydrated through an ascending sefi&&/ana isolation kit (Ambion, Applied Biosystems, Foster City, CA).
of ethanol and critical point dried using.d@e chip was examined pan 1ota] RNAS were extracted from the cerebral imprint using the

in an FEI Quanta 200 scanning electron microscope (FEL, EmdhovﬁﬁrVana isolation kit, and their concentration was determined with the

The Netherlands). . ; ) .
Immunol! uores?cence.After three washes in PBS, neurons andMeasure of absorbance at 260 nm. Their quality and RNA integrity

astrocytes were stained using NeuN (mouse antibody clone A€ controlled by capillary electrophoresis migration using RNA

Millipore) and GFAP antibodies (rabbit antibody, ab7260, abcam)ano 6000 kit and_ the Bioanalyzer_ZlOO (Agilent Technologies, Palo
respectively, diluted at 1:200 in PBST (PBS hod 0.5% Triton-X- lto, CA). For microarray analysis, 200 ng of total RNA were
100) for 1 h at RT. After three washes in PBST, the silicon chip wagpli ed with the GeneChip /T Express Kit. First, total RNA was
incubated with secondary polyclonal antibodies conjugated to Aleseerse-transcribed using primers polydT-T7 promoter sequence;
488 (anti-mouse) and Alexa 568 (anti-rabbit) (1:1000 dilutiongDNA was double-stranded synthesized really amplied with
Molecular Probes), and Hoechst 33258 girdL in PBST for 30 biotinylated dNTP by the T7 RNA polymerase. Microarrays
min at RT. After washes in PBST, the chip was mounted on glaggeriments were carried out in accordance with the protocol
slides and observed with a Zeiss Axiovert 200 M inverted microscqgneChip Expression Wash, Stain and Scan"foratéx. Brigy,

Images were acquired using CoolSnap HQ (Photometrics) and a plag; g of labeled cRNA was hybridized for 16 hi& 48 GeneChip

ap_ochromat 830l objective (Zeiss) With a black anc_J white Camergy;man Genome U133 Plus 2.0y(Aetrix) corresponding to 54675
driven by the Metamorph software (Universal Imaging). unique gene probe sets. The arrays were washed and stained with

Proteomic Analysis.Two dI'erent cerebral imprints performed in e . :
putamen and two performed in caudate nucleus were used fifEPtavidinphycoerythrin before scanning. #erescence values

proteomic analysis. Once the cerebral imprint was performed, ffe8ach probe set signal, reported in arbitrary units, were processed
silicon chip was removed from the tool and rinsed 5 min in salifdth MAS5 statistical algorithm to validate the probe set signal
bu'er to minimize blood contamination prior to protein extraction if@bser®or Opreser® and! nally they were normalized between all

8 M urea bter for 30 min under agitation. The total protein amountthe arrays using the Robust Multichip Analysis (RMA) algorithm.
recovered from the tissue imprint was djedriby Bradford protein ~ These algorithms are included'ignetrix expression console.
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RZsultatsll: Validation dOun nouvel outil pour la captireivale tissu cZrZbral.
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RZsultatsll: Validation dOun nouvel outil pour la captireivale tissu cZrZbral.
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.

-1 4="37.2"1 3/%3! .&.2D,/s0#' Al L/,! 9/4%+'! 2D'E! 4=.0%4-"! '3-! 0=",9#&/,! (a;! +4! '-! 3.!
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QV 3R--1T)"*0$,(3&W2"*/2*3 7

?7%#3! 74%3#'%&3! .,,8'3d! 0" ,/+1&'%P! '33.#3! 24#,#C%'3!/,-1 2#148! 4="P7&'33#/,! 0"l 7&/-8#,'3!
2.,0#0.-'3! 0.,3! 4'1 IBe! 7/%&! 4" 0#.$,/3-#2! 0"l 2'&-#,'3! +.4.0#'3! ,'%&/08%$8,8&.-#9'3!
UL%,0'&4.,0d! J#,F'&!'-1.4A!:;;<Wd!ULD#d!f&.0,'&!'-1.4A!:;(Wd!Uv'&&d! f/OAT &2 Z3B'3!

8-%0'3! 7&#,2#7.4'+',-1 1.38'3! 3%&! 0'3! .77&/2D'3! w!7&/-8#,'~.,-#2/&73!x! /,-! &89848! 0'3!
+.&C%'%&3! 0#.$,/3-#23! 7/-',-#'43! C%=#4! Q.%08& #-! 2/,Q#&+'&\! 74%3! $&.,0' 82D'44"'-10.,3
0#QQ8&',-3!2',-&'3A! *1-&.9'&3! 4.1 C%.,-#Q#2.-#/,10'1 2'31 7&/-8#,'3! 2#14'3d! 2'3! 8-%83B#,-! .%
3/%4'98!14'17&/14>+10"4.1$.++"10'12/,2',-&.-#/,10'317&/-8#,'3!0%!IBeAlY,I'QQ'-d\14=#,3-.&!

0%! 74.3+.! 3.,$%#,d! 4.1 $.++'1 0! 2/,2',-&.-#/,! 0'3! 7&/-8#,'3! 0.,3! 4'l JBe! '3-! -&>3!
H+71&-.,-NA4=.41%+#,'1+.[/&#- #&"0.,3!12'1Q4%#0''3-17&83',-'\ID.%-'%&!0'!;d(\!; d<t-+4!
A1&31C%'14'317&/-8#,' 31 +#,/1&#- #&'312/++14 17 &/-8#,"- % \ID.%-'%&!0%! 7$c+4ULD#H!f&.0,'&
“LAAL((WAIB'-182.&-1012/,2'-&.-#/,'0'"'SIN1 Z21/&0&'3!0'1 $&.,0'%&!'3-14=/13-.24' £ % &!\!
4=H#O',-#Q#2.-#/,I'-\14.1C%.,-#Q#2.-#/,10'3! 7&/-8#,'3!4'31 +/#,3!2/,2',-&8'3! 7.&!4'3!.77&/2D'3!

o™ IB5LCSL!/%!:?YA5Le5Ld! 0/,-14.1$.++'10'108-'2-#/,1'3-13'%4'+'-10'""R™  al/&0&'3!
0'1$&.,0'%&A!!

f#,1 C%' 0 ,/+1&'%3'3! 8-%0'3! .#',-! 2/,-&#1%8! #,0#9#0%'44'+',-I \| 4=#0',-#Q#2.-#/,! 0"
74%3#'%&3!2',-.#,'310'1 7&/-8#,'3!0.,3!4'1 JBe! 7.&!,.,0B5Lc5L! U5/%-/,~f.&1/3.d! e/%P"

?.49.#!'-1 4A!:;;((VUG.,d! vD%! -1 .4A! :;; XWd! -1 &89848d! 7.&! 0'3! .77&/2D'3! 0'l 7&/-8/+#C%'!
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U*10#d! 1%#,,! -1 .4A! :;; TWd!'44'3!/,-1 ,82'33#-8! 0'1 4.&%$'3! 9/4%+'3! 0=82D.,-#4A 1B 0!
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.

JBeAl5.#31'44'313/,-124 #&'+',-1#,2/+7 .-#14'3! .9'210'3! 8-%0'3! C%.,-#-.-#9'3d! 3%&! %,! $&.,0!
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IV 3R2(&1&)-(&,*/"#8%$,<"-',0-$(&%21")*0,2$*1R-"-1T)"*O$, (5, #& WBAE[22*371J*

-J 3"88%,("#&"$gJd *

Y,! 5;Sd! %, ,/%9'44'l -'2D,/4/$#" 089'4/778" 7.&! #/&.0! ! #,-&I0%#-! 4'] 2/,2'7-!
0=8%.4#3.-#/,1 0'3! 2/,2',-&.-#/,3! 7&/-8#C%'3! 0=%,! 82D.,-#44/,Al B'--'l -'2D,/4/$#" ,/++8'!
6&/-'1+#,'&1'3-11.38"13%&! 4=%-#4#3.-#/,10' +#2&/1#44'3d! 2D.2%," 7/&-'%3"10=%,! D'P.7'7-#0'!
0#QQ8&',-! /1-',%! 7.&! 2/+1#, #3/,! .48.-/#&") UO%'&&#'&d! e#$D'--#! '-I .4Al :;;Sle#$D'--#! .,0!
fI32D'--#!:;;SWA!G,2%18'3!.9'21 2'3! +#2&/1#44'3d!4'31 7&/-8#,'3! 0"l 4=82D. ,-#4&I%I &'
12/,-.2-1.9'210'3!+#44#/,310=D'P.7'7-#0'3!0#QQ8&',-3! 7'&+'--.,-1-D8/&#C%'+',-\12D.C%'!
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2/,2',-&.-#/,10.,314f82D.,-#44/,U"#$%&"' RW
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.

J=%-#4#3.-#/,10'16&/-'/+#,'&1.1&89848!3/,I'QQ#2.2#-8!0.,3!0",/+1&'%P!-@7'3!0=82D.,-#44/,3!
UB.3-.$,.d! B'22/#! '-I .4A! ;;;awd! UL',,'43d! L.4'F! -1 .4A! ;;;XWd! Ue/%P"?.49.#d! O/,E.4'E! 0"
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J=%-#4#3.-#/,! 0%! 6&/-'[+#,'&! 0.,3! 0'3! 2/,0#-#/,3! 74%3! 2/+7.-#14'3! .9'2! 4'3! 2/,0#-#/,3!
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Q&'Ixd! "\ 9#&/,! :a;! 7&/-8#,'3!'\| 7.&-#&! O'l ;! +41 0'l IBeA! B'3! 7&'+#'&3! &83%4-.-3! 4.#33',-!
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3%&!4'3!M63!19/,-17'&+'--&'14.12.7-%&"10=%,!3/%3! 7&/-8/+'1 7 .&-#2%4# &A!J.|Q/&+'I 3FDB&H#C%'!'
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.

=&M2EN*8$& ' %&0-1")*5(-0")*/"*1Z2(&18&)-(&, */"*98)@WEB(*O, 2$+1-*%-0 (2$"* OBABZ& ) *1") "\ 12&/")*4&, 1, ME&W?2")
IR-0$S)*C&11-'2"6-*"(F-1

q%3C%=\! 7&83',-d! 4.1 74%7.&-! 0'3! 8-%0'3! %-#4#3.,-! 0'3! M63! 3"l 3/,-! 4#+#-8'3! .%! 7&IQH#4
7&/-8#CY%' 0%! Q4%#0'! 8-9%0#8! 3.,3! &8'44'+ -1 2.&.2-88#3'&! A=HO' -#-81 0'3! 7&/-8#,'3d! #! +i+']
9.4#0'&14.1&'7&I0%2#4#-810'12.7-%8&'10'3I MB3AI B/,2'&,. -1 4'1 JBed! 4=% #C%"1 &8Q8E&, 2' -& #-']
0'14=0%-#4#3.-#/,10''M631Q/, 2-#/,,.4#38'31.9'21%|.,-#2/&7 31 0#&H#$81 2/ -&'1 4'31 4#$.,031 0#QQY%3H#1.
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1R5(2/"* [2* 3?1%-6"%* 8%, (" #&"$ 7,2(,'  >M-$4,)-*1,20 A-16-&*"(*-1J* ERLP W2&*\2(*
($S)*&'(5$"))5%O-$*',)* O$"#&"$)* $5)21(-() *', 2)* - /5%&/5* "* Yo-$-%6(5$&)"$* "* /5(-&1* 1")*
%-0-%&(5)*/"*%")*98) *e* ($-6"$)* IR&/" (&\&UBH(&, *B2AT+<7 +*/")*0$,(5&")%-O(5")*
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%, #O15#"(-&$")* /R-0$S)* )F"O$\&1)* 7+4("2)* O-$ * 7@3A=D=* \&* /R"0($-&$"1"*
H-08H2HIRE\, $H-(&,'% 12 70$,(5,4" ¥2*321J% *

EJ @$(&%1"*Q

@*-',0-$(&%H))&)("1*)($-("M T\, $*2+=*4& #-$K"$*$")"-$%U*& "% 18 ' &%-1*Q; (" #8%)
@\\&\* 0-%%aSEH/&. 2'! €/%P?.49 #d! *4#! 1% .+&. #d! F'&,.&0! 5/,3.8&&.-d! "&.,b/#3! F&S$'&A!
N,2%-1% \*8$, (" #"*1")"-$%UJ *
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I"#$#%&$ ()*+3..).(/".($(,01"2%" 345" %/'((-<<%H% %=D!-$IC'=G-,-2%( 1=%<<1. NHHSEAG.!
o e N W %01.1)-,-2%(',1:%<-):.)<*I8'/D!).<.")(G!?)-1C<!$-(1<!-/!
6)%7$'8, 59 )# )+ C)-=.-8%(!'/", D<%<!-$! H%-,-?%(",! $,1%:<! $-) < &BH:%
&'%(,%7)*." -$!C.)%CG.)',|H%-8")B.J&°F141.1=-19%=<1 C)-2%8%=D! =-1=(
H)'%/! =%<<41=G.! (.).H)-<C%/',! $,1%:! IJK+L*! (,%/%(’,,C
'((.<<%H,.! =G)-1?G! <=":"):*1 ).'=%5.,D! <'$.! '/
1/(-8C,%('=.:! ,18H")! C1/(=1).! (-1, ).$,.(=! =G.!
I HS%SES (JH )&+ #-%0)")H# )0 L' 2+/%" *[" 0)(%-%"3  8.='H-%=.!<='=!-$! =G.! (/=)' /.)5-1<! <D<=.8! 1/..)!
1*4567'89:;3'8<=3">?83'@+)",AB)3'=+/"!)C CGD<%-,-2%(',!'/:!C'=G-,-?2%(",|<=%'K1).C).<./=<I'/!
D 506$&S) E'FGI+0/- B, HI /" 45+8&-$&+/B'2% B, BaGS>* %0:-H1<-1)(1-$1C-=./=90'(%/%(’, D!).,.5HH0-8)B.)<!$-)!
8"%6J) %I E' &B &3 KL11". &B &#)3'=+")C 1.1)--2%(, ! %<.'<.JdF 55)=G.,.<<*1 =G.I G®%?G
o o ‘ :DI'8%(! )'/?.! -$! C)-=.%/! (-/(./=)'=%-I! %<! =G.! 8'T-)!
*>B%"/$)->0M05.13' @+)",AB)3'=+/G) H'))%.)!:—!‘!?,—H',!52’/0.A!—$!SK(+!C):)-:.-8.F!@/!$'(I=I’1'8%)/!
=G.18-<=I'H1/:'/=IC)-=.%/1%/I IK+%<!(-/(./[=)'=.:I'=1"98
16.($*( " 9NU! 82V! ,%=.)! /i ).C).<./=<! MN! W! -$! =-="| C)-=.%)/!
19,$/" %2" (9," " +$().," JHE*, . )6)+)(1" %2" 'S (),=  XLI=WH=DIAGY,.!(D=-B%/.<!").l (-/(=))-11:1 2V
VI HO2 SOV 562" 0%+ L TEB, " Y 1 60 Qyiger 0= )Fi).-5.) 1<C-<%/?1-$18-FHG 1 "1 8, -$1 IK+15-)!
2+<)/").--$"&-)%-)(1")#"*+)#)*$+n#’<-%&-%('%7?,';:’-->-% (G C'=%./=! %C)-=.-8%(! <=1:8d %<! %$$%(@# =G'=!
(9,7 450, *06H* H(S()%h" 40" 962" &0 Yii." St (e (1727 %1 I=%I%(=%-/! -1 -Al 'H1//=! C)-=.%/3! $-
Yok <T U2 60 QY+ 24<)" @BABA" 0 4 S++G35 )b <G!S/ 1)--2%(, 3%<.<.| H%-8)B.)<! %<! "1 8'T-)!
206" &0 S6TY " (<I). S (9. TS "6S") 20y (Gl /2 FIKELU0.IRI /I =A- 3%8./<%-/1 2.1 A).!
$~k*’ " (%"(9,"345"&'%(,%7,")#"*+)#)*$+".(</),.:"B<'"$)7 :G|$%)<:|:-|C)-5%|JK+|8'C<'H1:':GI,-A|D/'S%(l)'/9|
281 (0", TUH.($(" (O, V(" ("%27%0 Ty 84417793, St =G =(GI%XLL %8%=.:! =G.! /18H.)! -$I C)-=.%/<
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.
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RZsulats |: LOutilisation de NPs pour IOanalyse protZomique du LCR.
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RZsultats It LOutilisation de NPs pour IQanalyse protZomique du GR
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RZsultats It LOutilisation de NPs pour IQanalyse protZomique du GR
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RZsultats It LOutilisation de NPs pour IQanalyse protZomique du GR
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RZsultats It LOutilisation de NPs pour IQanalyse protZomique du GR
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1l LOutilisation de NPs pour IOanalyse protZomique du plasma sanguin
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RZsultats 1VVers IGtlisation de NP vivpour IOanalyse protZomique du plasma sanguin
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RZsultats 1VVers IGtlisation de NP vivpour IOanalyse protZomique du plasma sanguin
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