AM~ KK i BQM@BM/m+2/ bm#p2Mi " B+mH ~ xC
H2 /biQ QH7 +iQ v /2}+Bib BM i ";2i2/ KQm
KmHIBTH2 b+H2 QbBbX

0 MD h2T pi2pBE-6" MIiQBb2 G x 'BMB-*H ° H7 "Q
E2"MBMQM-E xm FB uQb?BF r -CQb0OJ Mm2H : "+B
GH2/Q-"" ?BK L BI@PmMK2bK - MM2" "QM@p M

hQ +Bi2 i?Bb p2 ' bBQM,

o MD h2T pi2pBE- 6 MiQBb2 G x "BMB- *H > H7 "Q@*2 p2HHQ- °
UQb?BF r - 2i HXX AM~ KK iBQM@BM/m+2/ bm#p2Mi B+mH > xQM2 /vb
i :2i2/ KOmMb2 KQ/2H Q7 KmHIBTH2 b+H2 QbBbXX CQm M H Q7 *HBM
*HBMB+ H AMp2biB; iBQM- kyRR- RkR URKV- TTX9dkk@j9X RyXRRdkf

> G A/, T biz2Zm @yRjyyjRk
200Tb,ff? H@T biz2m X "+?Bp2b@Qmp2 i2bX7 fT bi2
am#KBii2/ QM Ry T  kyRe

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-pasteur.archives-ouvertes.fr/pasteur-01300312
https://hal.archives-ouvertes.fr

Downloaded from http://www.jci.org on April 10, 2016. http://dx.doi.org/10.1172/JCI159145

SFTFBSDI BSUJDMF

*OGMBNNBUJPO JOEVDFE TVC
EZTGVODUJPO MFBET UP PMG
UBSHFUFE NPVTF NPEFM PG N

Vanja Tepavcevic, 123 Francoise Lazarini, 45 Clara Alfaro-Cervello, 67 Christophe Kerninon, 123
Kazuaki Yoshikawa, 8 José Manuel Garcia-Verdugo, 6.7 Pierre-Marie Lledo, 4.5
Brahim Nait-Oumesmar, 1239 and Anne Baron-Van Evercooren 1239

IUPMC, CRICM, UMR-S 975, Paris, Fram®ERM U975, Paris, Fraf&N\NRS UMR 7225, Paris, Fradestitut Pasteur,
Laboratory for Perception and Memory, Department of Neurosciences, Pari$GN&®&IRA2182, Paris, France.
6L aboratorio de Morfologia Celular, Centro de Investigacién Principe Felipe, CIBERNED, Valéreimrsmaia.de Neurobiologia Comparada,
Instituto Cavanilles, Universidad de Valencia, Valencia 5pladmatory of Regulation of Neuronal Development, Institute for Protein Research,
Osaka University, Osaka, JagAR-HP, Hopital Pitié-Salpétriere, Fédération de Neurologie, Paris, France.

Neural stem cells (NSCs) persist in defined brain niches, including the subventricular zone (SVZ), through -
out adulthood and generatenew neurons destined to support specific neurological functions. Whether brain
diseasessuch asmultiple sclerosis (MS) are associatedwith changesin adult NSCsand whether this might
contribute to the development and/or persistence of neurological deficits remains poorly investigated. We
examined SVZ function in mice in which wetargeted an MS-like pathology to the forebrain. In these mice,
which werefer to herein astargeted EAE (tEAE) mice, there wasareduction in the number of neuroblasts com-
pared with control mice. Altered expression of the transcription factors Olig2 and DIx2 in the tEAE SVZ niche
wasassociatedwith amplification of pro-oligodendrogenic transit-amplifying cells and decreasedneuroblast
generation, which resulted in persistent reduction in olfactory bulb neurogenesis.Altered SVZ neurogenesis
led to impaired long-term olfactory memory, mimicking the olfactory dysfunction observedin MS patients.
Importantly, wealso found that neurogenesiswasreduced in the SVZ of MS patients compared with controls.
Thus, our findings suggestthat neuroinflammation induces functional alteration of adult NSCsthat may
contribute to olfactory dysfunction in MS patients.

*OUSPEVDUJPO areas proximal to such lesions have suggested increased eatly oli
Neurogenesis by adult neural stem cells (NSCs) persists in definegbdendrogenesis and emigration of precursors into the parenchy
compartments of the adult CNS (1). The subventricular zone (SVZna (16, 17), but the consequences of such pathological events on
is the largest adult NSC niche. In healthy rodents, SVZ astrocyteseurogenic function are unknown. Interestingly, olfactory deficits
(type B cells) proliferate slowly and generate rapidly dividing type Gre common in MS patients (18).
cells, which differentiate into migrating neuroblasts (type A cells) (2). Studies examining the SVZ in animal models of MS have focused
Neuroblasts migrate within the rostral migratory stream (RMS) to mainly on the potential of the niche to generate remyelinating cells.
the olfactory bulb (OB) and give rise mainly to new interneurons (3)ncreased oligodendrogenesis has been systematically observed
whose main function appears to be constitution/restitution of long- following non-immune periventricular demyelination (6, 19-21)
lasting olfactory traces (4, 5). In addition to sustaining OB neurogen and in diffuse experimental autoimmune encephalomyelitis (EAE)
esis, the adult SVZ also constitutively contributes to periventricular(22, 23), a model of MS characterized by CNS inflammation and
oligodendrogenesis, although to a lesser extent (6). SVZ neuregealinical signs. However, the niche integrity during chronic inflam
esis/oligodendrogenesis balance is determined by transcription faanation remains unclear (22, 23) and the SVZ neuronal supply to
tor interplay, wherein DIx2 and Pax6 act as neurogenic determinantthe OB and olfaction during MS-like pathology uninvestigated.
and Mash1 and Olig2 promote oligodendrocyte and in some cases We aimed to examine whether MS-like pathology affects SVZ
astrocyte generation (6—10). In the human brain, neuroblasts areonstitutive neurogenesis and olfaction. As diffuse myelin oligo
generated in the SVZ (11, 12), and newly formed neurons have bedandrocyte glycoprotein—induced (MOG-induced) EAE mostly
detected in the OB (13). However, the contribution of the SVZ to OBaffects the spinal cord and, consequently, demyelination in the
neurogenesis and olfaction in humans is unclear (11, 12). SVZ vicinity is rare or minimal, we targeted chronic-type EAE
Multiple sclerosis (MS) is a chronic inflammatory demyelinat lesions to the corpus callosum. SVZ function was investigated by
ing CNS disease whose progression is associated with the eevekamining the niche structure, neurogenic/oligodendrogenic tran
opment of permanent neurological disability (14). Periventricular scription factor expression, OB neurogenesis, and olfaction. We
demyelinating lesions are frequent in MS (15). Analyses of the SMidund that the pathology induced a functional switch in the niche
as it expanded the pro-oligodendrogenic type C cell population
Authorship note: Brahim Nait-Oumesmar and Anne Baron-Van Evercoorenare &t the expense of the SVZ neuronal supply to adult OB circuits,
co—senior authors. which led to a deficit in long-term olfactory memory. Moreover,
Conflict of interest: The authors have declared that no conflict of interest exists.  analyses of the SVZ from MS brains showed decreased neuroblast
Citation for this article: J Clin Inves2011;121(12):4722-4734. doi:10.1172/3CI59145. density in diseased brains. Importantly, we provide evidence that
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Most inflammatory cells were F4/80mac
rophages and CD4T cells, while CD8 T
cells were present to a minor extent (data
not shown). The structures distant to the
forebrain contained only occasional inflam
matory foci. Mice at this stage showed no
signs of limb weakness.

Two weeks p.i, CD45cells remained in
the corpus callosum, but their numbers
decreased 3.7-fold compared with 3 days p.i.
(Supplemental Figure 1A). The inflamma
tion was predominantly found in the injee
tion area. Immunohistochemistry (IHC) for
MOG, neurofilament-200 (NF-200), and
glial fibrillary acidic protein (GFAP) showed
the presence of demyelinated axons (Figure 1,
F and G) and astrocytosis (Figure 1H). While
EM analysis of the control corpus callosum

‘JHVSF revealed myelinated axons, oligodendrocytes,

*OGMBNNBUJPO BOE EFNZFMJOBUJPO JO U4BIERBBCS BINOVRE 189 B O mmation (Fiqure 1)

PG TBHJUUBM NPVTF CSBJO TFDUJPO JOEJDBUJOH DZl#PLJOFi J(())K'ZJPU};'Pg TJUE Vq E L},P BDIJ
gl 055 (Figiirg J’;

$ZUPLJOF JOKFDUJPO JO OPO JNNVOJ[FE NJDF JOEB¥NBURY %(BQ?EWH%G $ %
QPJFUJD DFMMT UP JOK FD $ZRI® TIQF J CBEZDTUQPD JOUP .0 ("RSIRCRY DEMXANALSY \qre observed in
NJDF JOEVDFT XJEFTIFRWBEG®IMUSBUJPO BU UIF JOKF DU JIEAE Miag 2 weeksspHnflgrngatorysells parp v u U
TVSSPVOEJOH DPSUFY BOE DPSQVT DBMMPTVN B $P XINBBiStedEivtEAD forebrans b a2 manths 3., J
OPMBCFMJOH GPS $% BOE .0( SFWFBMT JOGMBNNBUPSZ aiifeil th aBe3SeP oktEr Eompared Wish'earlieP S Q V 1
TVN& 5PMVJEJOF CMVFMTUBJOFE SFTJO TFDUJPO PG U&" &pRREIIUpPRMAEP Fii¥e AT, XdiddhokO G M E
DFMMT TVSSPVOEJOH B CMPPE' WFTGEMF# 7P G EFENZIF @ 319 B Ut Bofh 1&ifBIiRR6n (Figure 1, K and L)
BTUSPDZUPTJT JO UIF EFNZFMJOBUREFBSEBX FEFWUFXQPIG BY '@_ﬁ ot Was observed.
Y
e

CPYFE BSFB TIPHO&MFDUSPO NJDSPHSBQIT Pmmpm@wnorﬁsar% o L T A examin
BSSPXIFBET BOE NZFMJOBUFE BYRBNZFMDO BUSPOI BOID B Y P paliQn Auring;t5 xami

U&"& NJDF XFFLTBSHF BTUSPDZUF " BDUJWF NJDsPHMJehe effect obtepkErq) s SV Efirstangp x
IFBET BOE DFMM XJUI ZPVOH PMJHPEFOESPDZUF NPSOoIPlzedithe dynangicsiof hemgtopaiefie cellNib o u 1 ¢
YJJHIFS QPXFS WJFX PG UIF CRYFESPXABIDIPXOBUS BYPOT TiissrWwgeRiE Biche Conirol SVZ was gen
NZFMJO TIFFUXKIBMBO MBCFMT BO BYPO FOTIFBUIFE CZ OP&bHIF iMed @l Strobgly saiméddor T8 M M P
TVN $UY DPSUFY 4U TUSJBUVN 7 MBN FS®BM QE O U8B M FFigiB WA). Whid sham (saline) injection
N N & (m 4N - did not alter the numbers of SVZ CD45

cells (data not shown), an 18-fold increase

was observed in cytokine-injected naive mice
MS-like pathology induces long-lasting modifications of the SVZ sacrificed 3 days p.i. (Figure 2, B and E). Yet these levels were down

stem cell niche that contribute to olfactory dysfunction. regulated during the second week p.i. (data not shown). In tEAE
mice sacrificed 3—7 days p.i., numbers of CD4%&lls in the SVZ
BSFTVMUT increased 200- to 250-fold compared with the controls (Figure 2, C

Inflammation, myelin loss, and axonal pathology during targ&w#&# EAEd E). Inflammation was also evident in the RMS (Supplemental
targeting was achieved by TNEAFN- astereotaxic injection into  Figure 1D). Both microglia/macrophages (Supplemental Figure 1,
the corpus callosum of mice immunized subclinically with MOG B and C) and T lymphocytes (CD3CD4, or CD8) were detected.
peptide (Figure 1A, see chart in Supplemental Experimental Procdwo months p.i., CD45 cell numbers in the SVZ decreased com
dures). These mice are hereafter referred to as targeted EAE (tEAfyed with early phases but remained 6-fold higher than in the
mice. Inflammatory lesions were not found in mice immunized sub controls (Figure 2, D and E), suggesting sustained inflammation
clinically and sacrificed on injection day. In non-immunized (naive) within neurogenic areas of tEAE mice.
mice, cytokine injection transiently increased CD#48ell numbers ~ SVZ proliferation is modulated in a time-dependent manner during
(Supplemental Figure 1A; supplemental material available onlindEAE We investigated proliferation by subjecting mice to two puls
with this article; doi:10.1172/JC159145DS1) only locally, without es of BrdU at 2-hour intervals prior to sacrifice. Sham injection
inducing overall forebrain inflammation (Figure 1B). did not affect BrdU SVZ cell numbers compared with controls
Forebrains of tEAE mice sacrificed during the first week post{data not shown). However, a transient decrease was observed in
injection (p.i.) showed prominent inflammation at the injection tEAE mice 3 days p.i. (Figure 2, F, G, and J), followed by a 3-fold
site within the corpus callosum, but also within surrounding fore increase in BrdU cell numbers at 7 days p.i. (Figure 2, H and J).
brain areas (Figure 1C). The corpus callosum contained numerTwo weeks p.i., SVZ proliferation returned to basal levels (data not
ous dispersed inflammatory foci (Figure 1D) detected mostly inshown), which remained unchanged at 2 months p.i. (Figure 2,
the vicinity of blood vessels (Figure 1E). Quantification of CD#5 | and J). Similar results were obtained with Ki-67 labeling in a
cells in the corpus callosum showed a 5-fold increase compareseparate experiment (data not shown). Co-immunolabeling for
with naive mice injected with cytokines (Supplemental Figure 1A)BrdU and cell-specific markers during proliferation peak (7 days)
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47; JOGMBNNBUJPO DPSSFMBUFT XJUI NPEVMBUJPO PG QSPMJIGF3BUIBOGPSG B&"& NI WRFI Q7B |
"CTFODF PG TUSPOHMZ MBCFMFE DFM#MT$ZO RLUFOF7 ) PIGFDRORCGRM WR PP O JNNVOJ[FE NJDF MFI
IFNBUPQPJFUJD DFMM OVNCFST JO U$F aYUFEBIWRQJIJDDBEZBRTE IO OVNCFST PG JOGMBNNBUPS
PDDVST JO .0( QFQUJEFMJINNVOJIRFEVNZIFBS TURG&I OEGMBNNBUPSZ DFMMT EFDSFBTF JO U&"& NJD
N DPNQBSFE XJUI FBSMZ QIBTFT CVU ER Q¥ BOSRBDIDBRIOBRBWMNI NIBNE T 7NJDF HEPVQ

n1 °1 f1 a1 'nt *)$ GPS #SE6 JO USPQIUSPM 4%FDSFBTF JOFMMEBO®VNCFST JO U&"
EBZT Q J XIJMF QSPMJGFSBUJPO JT VQSFHVM)B URD 3$6BUIF JODF #13/EBP\VSNOHS Q BIOF O DH ANB BU
3FDPWFSZ PG CBTBM MFWEMBO WNKEODBUQPFEM RE #¥SB6B FM4A7/NIJDF H3PVQ 1 WEFESTVT DPOUSEF

&SSPS CBST SFQSFTFOU 4&. 4DBMF CBST

showed that 50% of proliferating SVZ cells were Mash1% were p.i., chain migration interruptions were evident (Figure 3H).
Olig2*, and the remaining ones were GFARXcept for rare polysi Persistent reduction in migrating neuroblasts did not occur in
alylated neuronal cell adhesion molecule—positive (PSA-NCAM cytokine-injected naive animals (Figure 3E), as numerous chains
and CD45 cells (less than 1%). were present along the ventricular wall, suggesting that neuroblast
Reduction in SVZ neuroblast numbers duringliEhizestigate loss is caused by tEAE pathology rather than being a direct cense
SVZ neurogenesis, we quantified SVZ type A cells using IHC fauence of TNF-/IFN- ainjection.
doublecortin (DCX) or PSA-NCAM. In the SVZ/RMS of control  Ultrastructural analysis of the SVZ shows neuroblast loss and type C c
and sham mice, DCXand PSA-NCAM cells were present along amplificationNext, we analyzed the SVZ ultrastructure in control
the ventricular wall and RMS (Figure 3, A and F, and Supplementalersus tEAE mice. In control, sham-injected, or immunized non-
Figure 2A). In tEAE mice sacrificed during the first week p.i., SVihjected mice, the SVZ was organized as previously described (24).
immunoreactivity for DCX decreased 3.3-fold (Figure 3, B and EEpendymal multiciliated cells, some astrocytes (type B1) contacting
and that for PSA-NCAM 2.9-fold (Supplemental Figure 2, B andthe lateral ventricle through a thin expansion, chains of migrating
E). DCX or PSA-NCAM cells were present within small dispersedneuroblasts surrounded by astrocytes (Figure 4A and Supplemental
clumps (Figure 3B and Supplemental Figure 2, B and C). Some &figure 3A), transit amplifying cells (type C) cells, scarce microglia,
the PSA-NCAM cells within the clumps colabeled with cleaved easand occasional pyknotic cells were present. Striking changes were
pase-3 antibody (Supplemental Figure 2F, inset), suggesting engmbserved in tEAE mice 3 days p.i., such as thinning of the ependymal
ing apoptosis. Neuroblast chains were detected outside the SVIayer, decreased B1 cell numbers (Supplemental Table 1), increased
limits, indicating their emigration into the striatum (Figure 3B). numbers of microglia/phagocytic macrophages, and inflamed
At 2 months p.i, regional variability in neuroblast recovery wasblood vessels (Figure 4B). Neuroblast numbers decreased (Figure 4,
observed, with large areas containing very few cells (Figure 3C and Slpand E), and remaining chains appeared disrupted (Supplemen
plemental Figure 2D) alternating with cellular bulks, outside which tal Figure 3B). Numbers of pyknotic cells, mostly present within
numerous neuroblasts were observed in the striatum (Figure 3D)inflamed areas (Figure 4B), slightly increased, unlike those of type C
The average levels of PSA-NCAM and DCX immunoreactivitgells (Supplemental Table 1). SVZ of tEAE mice sacrificed 7 days p.i.
remained lower than in the controls (DCX, 1.6-fold, Figure 3E;showed attempts at recovery evidenced by increased total cell-num
PSA-NCAM, 2.6-fold, Supplemental Figure 2E). bers (Supplemental Table 1), numerous large astrocytes, and C cells
During early pathology phases, altered PSA-NCAM/DCX expres(Figure 4C, lower panel, and Supplemental Figure 3) and somewhat
sion was also evident in the RMS with regional chain reduction (datancreased chain numbers compared with 3 days p.i. (Figure 4, C and
not shown) alternating with cell accumulation and neuroblasts E). Yet these chains were reduced in size (Figure 4C, upper panel)
detected ectopically in the corpus callosum (Figure 3G). By 2 monthand sometimes detected away from the SVZ, next to striatal vessels
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BFEVDUJPO JO OFVSPCMBTU DIBJOYNBOPYVIF WBMMBBSF QSFTFOU JO UIF DPGHU 8P MBSWBAQGE OEK
PG %$BFMMT XJUI DIBJOT FNJHSBUJOH JOUP UIF OFJHICPSJOH TUSJBUVN BSSPX$MmBEHA BMPO
47; JO U&"& NJDF TBDSJGJBFESFBPOPIOUBIUOJOHRMMK BMOFS XJUI UIPTF DPDRMNMOJIJBTH %V XQTJ €
"SSPXIFB®ITIRX JOEJWIJEVBMMWAE$PO UIF TUSIJBUVN OFBS UIF 47; 47; MINJUT &S SXBOBJIBBDEH J
PG %$9 JNNVOPSFBDUJ®JUZ IIDFFHERPVQ %FDSFBTFT DPNQBSFE XJUI UIF DPOUSPMT BSF T
NPOUIT Q1J BOH SFTQFDUJWFMZ CVU OP TJHOJGJDBOU DIBOHFT JO UIF BNPVOU
NJDF TBDSJGJDFE EBZT GPMMPXJOH DZUPLJOF JOKFDUJPO BT DP'NQBISEBEI®JIDR QUS BN QWFSPTW
NJDF OSHBOJ[FE DIBJO NJHSBUJPO UPXBSBEDD#NMMB PR ORBANBIF&IUIJO UIF 3.4 SFHIPO QSPYJN
FNJHSBUJPO JOUP UIF DPSQVT DBMMPTNNBUF SEB/AQUQPI T BPSES B XA FB E TBIOMEMITO EQ WERE'EBIWP @Y T C
NPOUIT Q J BSSPXIFBET+tN4DBMF CBST

(Supplemental Figure 3D). Neuroblast numbers in tEAE mice sacThe percentage of MashlIcells labeled for DIx2 decreased 1.35-
rificed 1 and 2 months p.i. were lower than in controls (Figure 4E)fold at 7 days, 1.3-fold at 2 weeks, and 1.45-fold at 2 months p.i.
Interestingly, the distribution of migrating cells was also unusual, (Figure 5, K-Q).
as they were separated from the ependyma by the astrocytic layer ifFrom these data, we conclude that tEAE increased the total pool of
addition to some small myelinated axons (Figure 4D). Type C cellMashl* SVZ population. Generation of new MashZells occurred
were more frequent than in the controls. Analysis of cell numbergluring the proliferation phase (7 days p.i.), these cells were BIx2
(Supplemental Table 1) and SVZ composition (Figure 4F) showednd a majority acquired Olig2 expression at later time points.
that while neuroblasts are the predominant cell type in the controls, tEAE decreases OB neurogehegisig experiments were per
tEAE pathology reduced their numbers and increased type C cefbrmed to investigate the consequences of SVZ changes during
proportion, and the B cell increase was only transient (Figure 4F). tEAE on OB neurogenesis. Because this model involves inflam

Mash1 SVZ cell pool increases during tEAE due to generation ofa@ibg? a noninvasive tracing consisting of BrdU pulses prior to
populationAs EM analysis suggested type C cell amplification, weytokine injection into immunized animals or sham injection
performed immunohistochemical (IHC) quantification on a larger into naive animals was chosen. Preliminary experiments showed
SVZ area using Mashl as a marker (9). While Mastdll density that such protocol labeled at least 70% of the Mash1 population.
within the SVZ remained unchanged 3 days p.i., itincreased 1.8-foldabeling efficiency in the two experimental groups was corapa
at 7 days (Figure 5A) and remained significantly higher at 2 weeksble, as numbers of SVZ cells that incorporated BrdU did not
and 2 months p.i. compared with control SVZ (1.6-fold). Wevary between immunized and naive animals sacrificed immedi
hypothesized that the Mashicell increase resulted from a genera ately following BrdU pulses (Figure 61). In these animals, positive
tion of a type C cell subpopulation committed to a glial fate. To cells were found in the SVZ/RMS and only occasionally elsewhere
investigate glial versus neuronal commitment of Mashtells, we in the forebrain. As approximately 2 weeks are required for SVZ
examined expression of two transcription factors: Olig2 and DIx2neural precursors to become granular neurons (3, 25), mice were
(Figure 5). Olig2 cell density within the SVZ was unchanged atsacrificed 2 weeks p.i. Numbers of Brdldells in the OB were
7 days p.i. but increased 2.45-fold at 2 weeks and 2-fold at 2 monttdecreased by 50% in tEAE compared with sham-treated mice
p.i. (Figure 5B). The percentage of Mashéells coexpressing (Figure 6J). Numbers of BrdtNeuN* cells within the granule
0lig2 also increased 2.37-fold at 2 weeks and 2-fold at 2 montheell layer decreased by 70% (Figure 6, A-F and K), demonstrating
p.i. in tEAE mice compared with the controls, while remaining impairment of SVZ-derived OB neuronal supply during tEAE. In
unchanged at 7 days p.i. (Figure 5, C-I). contrast, numbers of BrdWOlig2+ cells in tEAE corpus callosum

In contrast, the density of SVZ DIx2cells decreased 2.5-fold atwere increased 13-fold (Supplemental Figure 4, B-D). No BrdU-
7 days, 1.7-fold at 2 weeks, and 1.8-fold at 2 months p.i. (Figure 5&aced GFAP cells were detected in the corpus callosum.
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"OBMZTJT PG 47; VMUSBTUSWHUADBIFERSID B RUESETFOUBUJPO PG 47; PSHBOJ[BUJPO XJUI FBD
/IEVSPCMBTUT BSF TIPXO JO SFE 3FEVDUJPO JO SFE DFEMMT JT PCWJPVT BU EBZT Q J JO U&"
MFWFMT BSF OPU SFBDIFE *NBHFT BSF JMMVTUSBUJPOT PG UIF CP$FEJBSHF® N XK BBl & B DA FV
TVSSPVOEFE CZ BTUSPDZUFT ## .BDSWPIGIBRPUSPMBA@E;QZLOPUJD DFMM 1 OFYU UP CMPPE \
Q¥ 6QQFS QBOFM -BSHF BTUSPDZUFT # OFYU UP TNBMM OFVSPCMBTU DIB%O"TUSMBXBE QB
QSPDFTTFT BOE TNBMM NZFMJOBUFE BYPOT BSSPXIFBET TFQBSBUF OFVSPCMBTUT " BOE TI
Q X 2vBOUJGJDBUJPO PG " DFMMT JO UIF 47; PG RPOUSPM BOEWMF&RY NJIJDAFFOW SWMF HSPVQ FS
CBST SFQSFTFOU74®OPNQPTIJUJPO SFQSFTFOUFE BT BWFSBHF QFSDFOUBHFT PG FBDI DFMM UZ
JO UIF DPOUSPM 47; OFVSPCMBTUT SFE QSFEPNJOBUF UIFJS SFEVDUJPO JT PCWJPVT EVSJC
$ DFMMT HSFFO "TUSPDZUFT DPOUBDUJOH UIF MBUFSBM WFOUSJDMF BSF QSFTFOUFE JO XI.

BrdU becomes diluted with successive cell divisions. Thereforef tEAE mice and controls. In tEAE mice sacrificed 3 months p.i.
to address the long-term effect of tEAE on OB neurogenesis, wibat showed clear DCX reduction in SVZ and OB, numbers of
guantified DCX* immature neurons in the OB of tEAE and sham- p-SMAD1/5/8* SVZ cells were reduced (Figure 7, A-C), suggesting
treated mice. Three months p.i., DCX immunoreactivity in RMS/ that altered p-SMAD signaling during tEAE may contribute to the
granule cell layer was significantly decreased in tEAE mice (Figure §stained neurogenesis impairment.

G, H, and L), demonstrating persistent pathology-induced inhibi  Targeted EAE impairs long-term olfactory meénetyypoth
tion of OB neurogenesis. esized that OB neurogenesis impairment in tEAE could alter

As BMP signaling via p-SMAD regulates SVZ neurogenesisjfaction. Experiments were initiated at least 2 weeks p.i. We first
and its alteration results in Olig2 upregulation and neuroblast established that locomotor activity in tEAE mice was sufficiently
reduction (26), we investigated p-SMAD expression in the SVpreserved to perform olfactory tests (Supplemental Figure 5 and
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"NQMJGJDBUJBOIPGPWMHOPPM BOE EFDSFBTF JO %MY JNNVQNSPRDGJIJWBUZAD RDERMMEI"& 47;
n1 o1 WFSTVT DPOWSRNDF HEPY¥YVBOUJGIDBUDFM MG DO WHF 47;"1 WFSTVT DPOUS

O m NJDF H$PVIQJBSBDUJPO PGDFIMMBIRQVMBUJPO JO UIF 47;1J0DSFBTFT EVSNPHTVE"BPOUSF
%t 3FQSFTFOUBUJWF JNBHFT PG .BTI HSFFO BOE OMJH SFE %0P BONWXRMKBGCBEMBIH JOPOLF T
Q »* 2VBOUJGJIJDBUDFMMWTG JOMWYIF 47 "1 o1 WEFSTVT DPOWSRIMF HSPWRIGSBDUJPO PG L
.BTI DFMM QPQVMBUJPO JO UIF 47; EJNJOJIIFT EVAGIJOH U&WFSTVT D-RDOUSFRMFTFOUBUJWF JNB
.BTI' HSFFO BOE %MY SFE DP MPDBMJfBUBPRE URHKIMAIADFIRIFRBUCSBHMT SFQSFTFGN 4&. 4DBN

Supplemental Results). We then examined odorant detectiomon-neurological controls, based on the increase in cell density,
and discrimination, as well as olfactory memory. Odorant dis proliferation, and numbers of Sox9glial precursors (16). Using
crimination (Figure 8, A and B, and Supplemental Figure 6) andhe same brain samples and double labeling for GFBtB identify
short-term olfactory memory (Figure 8, C and D) were preserve&VZ astrocytes/stem cells (27) and MOG to label myelin, we have
in tEAE mice (see Supplemental Results). Next, we examinetw observed that the thickness of lateral ventricular wall layer
long-term olfactory memory. First, water-deprived mice werdl was increased in the MS compared with control SVZ (Figure 9,
trained to recognizen-amyl acetate as the rewarded stimulusA and B). Neurogenesis was investigated by analyzing expression
(S and cineole as the non-rewarded stimulus$ising olfac  of the specific neuroblast marker DCX in the SVZ of MS patients
tometers (4). Licking water bottle following exposure to*@&nd versus non-neurological cases. Interestingly, DCX-expressing neu
not licking following S- were considered as correct decisionstoblasts were detected in both MS and control SVZ (Figure 9, C
and failure to lick following exposure to Swas considered as and D), but were rarely observed in the caudate nucleus. Quanti
a “miss” response. Forty days following task consolidation, thefication of DCX* cells in layers I-1V, defined by GFAnd MOG
ability of mice to recognize Sand S was retested (Figure 8E). co-immunolabeling (Figure 9, A and B), indicated that the DEX
Retention of learned odorants was better in sham than in tEAEneuroblast density was significantly reduced in the lateral SVZ of
mice, as the percentage of correct responses was lower for tMS brains compared with controls (Figure 9E). Decrease in DCX
latter group (Figure 8F). Memory task error number increased indensity was present in layers lI/11l (hypocellular gap and astrocyte
tEAE mice (Figure 8G) mostly due to miss number (Figure 8H)ribbon), as well as in layer IV (MOG ribbon).
and these mice performed with higher probability of miss in
each Strial, near chance level (Figure 8l). Therefore, we con% JTDVTTJPO
clude that tEAE impairs long-term olfactory memory. To overcome the difficulty of obtaining forebrain lesions in diffuse
Altered neurogenesis in the SVZ of MS. fJatiesgess the relevanceEAE and specifically examine SVZ integrity during MS-like pathol
of our data in inflammatory demyelinating diseases, we investiogy, we developed a model of targeted periventricular inflamma
gated whether neurogenesis was also altered in the SVZ of-pogion/demyelination by modifying a previously described targeting
mortem MS brains as compared with non-neurological controls. protocol (28). Our model offers several advantages for SVZ studies:
We previously showed a clear expansion of MS SVZ compared with) inflammatory lesions are found periventricularly in all treated
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0# OFVSPHFOFTJT EFDSFBTFT EVSJOH U&"& 5SBDJOH PG 47; QSPHFOZ XBT QFSGPSNHmE CZ UXF
3FQSFTFOUBUJWF JNBHFT PG HSBOVMF DFMM MBRPE L& 'K D B FBDG JJIGBNFESFRBFET GPMMP XJ
JOEVDUJPO BOE #SE6&I3P&KMBLIFPWOIOH FGGJDJFODZ PG 47; DFMMT JT JEFOUJDBM GPS TIBN USF
+ 5XP XFFLT Q J1 GFXFSO m NJDF HSPVRQRFMBHEG6BSF GPVOE JO UIF 0# PG U&"& DPNQBSEE XJU
UIF HSBOVMF DFMM MBIZFS B BFDSFBITUBF HSPVQ JO OFXMZ GPSNFEFNBUYTS P OFRAS)POBO B S E 6

- -POH UFSN FWBMVBUJPO PG HSBOVMF DFMM OFVSPHFOFJINN BBVSE FGEBSHEFEF Q3 FRTVBIAUBIEIY
JNBHFT PG DPSPOBM 0# TFDUJPOT MBCFMFE XQUB®B I RONJITP B DO JTIBINFHE-S FEBREFEI T GU DBUJP
%%$9 JNNVOPSFBDUJWJUWY m NJDF HSPVQ &SSPS CBST SFQSEFNF@U 4&N ¢ BEYEF CBST

animals, (b) SVZ-proximal demyelination occurs, and (c) cytokineaxons, which are most likely inhibitory for reestablishment of nor
injection represents unequivocally the initiation of the forebrain mal cell migration toward the OB. We therefore conclude that a
pathology in all animals, allowing for a precise sequential study otombination of early neuroblast death, fate change by type C cells,
the SVZ dynamics. Examination of SVZ function showed that tEAEand structural rearrangements within the SVZ during pathology
inflammation did not hamper pro-oligodendrogenic responses, ascaused sustained impairment of OB neuronal supply and defective
it was associated with increased numbers of Olig2-expressing tygeng-term olfactory memory (Figure 7D).
C cells and SVZ-derived OligZells in the corpus callosum. How  One could argue that neurogenesis impairment could be a direct
ever, SVZ neuronal supply to the OB severely diminished and led wonsequence of cytokine injection, as TNFHFN- acan modulate
a long-term olfactory memory deficit. NSC behavior (reviewed in ref. 33). Even though cytokine injection
Reduction in OB neurogenesis during tEAE appears to resultnto the corpus callosum of naive mice induced a transient increase
from a combination of distinct events, including survival, migra in inflammatory cell numbers within the SVZ, this treatment was
tion, and/or differentiation. Neuroblast death occurred during not associated with loss of DC)PSA-NCAM neuroblasts, which
early pathology phases, as evidenced by cleaved caspase-3 labeliag seen only in tEAE mice. Some cytokine-injected, non-immu
and increased numbers of pyknotic features. In addition, emigranized mice even showed increased immunoreactivity for DCX,
tion of DCX*PSA-NCAM cells from the SVZ/RMS was substantial. and this is consistent with previous findings indicating that acute
Possible factors supporting such ectopic migration are chemokindgnflammation not associated with autoimmune pathology may
upregulation in the inflamed areas (29, 30), blood vessel changgsomote SVZ neurogenesis (34, 35). While it appears clear that in
(31, 32), and modification of astrocyte tunnels (32). Premature/our experiments cytokine injection on its own temporarily changed
ectopic neuroblast differentiation into mature neurons is unlikely, the SVZ inflammatory status, we found that neurogenesis impair
as tracing studies revealed only occasional BrllduN* cells out  ment occurred only when mice were immunized with MOG prior to
side the OB (data not shown). Yet an increase in Ofigk2-and injection. Possible reasons for this are: (a) the different nature and
Olig2DIx2- at the expense of the DIxZroportion of the Mashl* secretory pattern of infiltrating inflammatory cells in naive and
SVZ population during the pathology suggests type C cell dif immunized mice, as only in the second case will lymphocytes be
ferentiation switch/block as another important contributor to  primed against brain antigens; and (b) an active immune response
neuroblast reduction. In addition, structural changes within SVZ in the brain of tEAE mice causing changes in the choroid plexus
architecture occur in the areas of early neuroblast loss. These cg|B6) and consequently altering CSF and therefore the NSCs within
free gaps become occupied by astrocyte processes and myelinated SVZ niche. In conclusion, the ultimate cause of neurogenesis
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1FSTJTUFODF PG U&"& JOEVDFE OFVSPHFOFTJT JNQBJSNFOU D BB MBUGHSXQU4A . E%DSFPDOFBREF
TFDUJPOT PG TIBNBOEFBEBF&E?7; NPOUI® QQIJHOJGJIDBOU EFDSFBTF JO OVAC HsSAMME QI U&"& WF
TIBN USFBUFELNJDF O NJDF HS®BVADIFNBUJD TVNNBSZ PG U&"& JOEVDFE 47; DIBOHFT *O |
TVCUZQFT BSF EFUFDUFE UIF Q® FBVWWJIBSPROJDFMM XMW I ZFMMPX OVDMFVT JO XIJDI %MY T
DFMMT #.1 TIJHOBMJOH UISPVHI Q 4."% JT BDUJWF BOE NJHSBUJOH OFVSPCMBTUT WJPMFU V
BOE HFOFSBUF OFX JOUFSOFVSPOT 5IF TFDPOEDFMM $H SFMM DIPMCNWT XB UIT SFIE OMDMFVT JO
SFQSFTTFE 5IFTF DFMMT BSF DPOTJEFSFE BT BO FBSMZ TPVSDF PG PMJHPEFOESPDZUF QSPFL
.BTI DFMMT JT OFHBUJWF GPS CPUI %MY BOE OMJH HSFFO DFMMT XJUIl XIJUF OVDMFVT *O(
UJPO PG PUIFST JOUP UIF JOGMBNFE QBSFODIZNB *O BHEJWPEV NMBR B PMPHIZSEFBQ VOB JFIJ
.BTI OMIHDFMMT %FDSFBTFE Q 4."% TIJHOBMJOH EVSJOH U&"& NBZ DPOUSJCVUF UP UIFTF DIB(
GSPN UIFJS EFGBVMU SPVUF QPTTJCMZ EVF UP TUSVDUVSBM DIBOHFT XJUIJO UIF OFVSPHFOJ
PVUDPNF PG TVDI DIBOHFT JT EFDSFBTFE OFVSWYOBM 0# TVQQMZ 4DBMF CBST

impairment in tEAE mice appears to be due to complex eventsiere negative for the neurogenic determinant DIx2. The absence
associated with active brain inflammation/demyelination as seenof DIx2 in SVZ cells allows for Olig2 upregulation (10), detected
in MS, rather than acute injection of proinflammatory stimulus. at 2 weeks and 2 months p.i. in our model. Mashl is expressed
Numbers of Olig2* cells in the SVZ increased during tEAE.predominantly by type C cells (9) and by activated type B cells
While Olig2 labels common neuronal/oligodendrocyte pre (38), which suggests these as a primary source of SVZ-derived oli
cursors during embryonic development (37), it correlates withgodendrocytes during the pathology. These results support pre
oligodendrocyte (6, 8, 9) and astrocyte (8) generation in theious findings that certain growth factor stimulation induces a
postnatal/adult SVZ. It therefore appears that inflammatory pro-oligodendrogenic switch in normal SVZ, with PDGF acting
demyelination stimulated early glial commitment of SVZ cells, on type B (39) and EGF on type C cells (40). Moreover, amplify
as seen in MS studies (16, 17). ing type C cells by EGF treatment following lysolecithin-induced
The Olig2r SVZ cells generated during tEAE were also Mashldemyelination enhances SVZ oligodendrogenesis (41). Yet it was
During tEAE, MashZ cell pool amplification occurred during the suggested that neuroblasts can also generate oligodendrocytes
proliferation phase (7 days p.i.), and these newly generated cel81). While we show that type C is the principal pro-oligodendro
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OMGBDUPSZ EZTGVODUIPOQP® UBROEF NDPMGBDUPSZ EJTDSIJNJOBUJPO )JTUPHSBNT JOEJDBU
NJOVUF FYQPTVSF SFTU JOUFSWBMT NJOVUFT &JHIU TFUT PG DPMVNOT SFQSFTFOU [IBC
PDUBOBM <0DU> IBCJUVBUJPO SFDBMMT )FQU BOE B GJOBM BJTIBCJ¥VBEHICPOGPEDFEIJRNIEB!
EJTDSJIJNJOBUJPO CFUXFFO QBJST PG CJOBSZ NJYUVSFT DPOTJTUJOH PG EJGGFSFOU MJOBME
SFQSFTFOUT DPSSFDU SFTQPOTF QFSDFOUBHF GPS CMPDLT PG & BDOEM T P BTUFE WM POIFG BE
NFNPSZ XBT UFTUFE CZ NJOU PEPSBOU QSFTFOUBUJPO UXJDF GPS NJOVUFT NJOVUF QBVT
NFNPSZ $FPU )JTUPHSBNT JOEJDBUF UIF NFBQ JOWFT&IHPOHP OFBIMNPMGBDEP.SDNMFBSDFE U
EJTDSIJNJOBUF EBZ OBO\WMKBBEGEUBUF SFXBSBOEPEPSBERME OPO SFXBSEIRBEIPERPTSBCW MP XFE
EBZ UBTL DPOTPMJEBUJPO EBZT m BOE UIFO B EBZ SFTU QFSJPE .MNBBDEMBN.EBOUFE J
QFSDFOUBHFT PG DPSSFDU SFTQPOTFT JO UIF USBJOJOH TFTTJPO WFSTVT NFNPSZ UFTU $IE
( .FBO FSSPS OVNCFST GPS NFNPSZFBOTESSPS OVNCHFSASXOUA&IJBMT * .FBO QSPCBCJMJUZ PG
4 USIJBMT FSSPSUBUBMASQONLFIB AT 4 O m NJDF HSPVQ &SSPS CBST JOEJDBUF 4&.

genic SVZ cell during tEAE, we cannot exclude that emigratingignaling in the SVZ leads to upregulation of Olig2 expression
neuroblasts in our model (Supplemental Figure 4) may also eonand reduces neuroblast content (26). Interestingly, reduction in
tribute to oligodendrogenesis. p-SMAD1/5/8+ cells during tEAE correlated with long-term neu
Neurogenic/gliogenic transcription factor switch by NSCs dur rogenesis impairment, thus suggesting that inhibition of BMP sig
ing tEAE could be triggered by several mechanisms. Those includeling contributes to the persistence of SVZ changes. Moreover,
altered balance of pro-neurogenic versus pro-oligodendrogeni@MP signaling inhibition was also reported to induce oligoden
cytokines (42, 43), inflammation-induced redox state modifica drogenesis by type A cells (21).
tion (44), and previously mentioned PDGF (39) or EGF (40)-sig The effects of EAE inflammation on SVZ have also been a subject
naling. Another important regulator of SVZ neurogenesis is BMPof previous studies in mice (22, 23, 45, 46). Importantly, the main
signaling via p-SMAD (21, 26), and p-SMAD expression is foundimilarity among most of these (22, 23, 46) and our study appears to
on B and C cells, but not on neuroblasts (26). Diminished p-SMADbe disturbed neuroblast migration to the OB, which we now show
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that IHC and ultrastructural SVZ analyses showed no difference
in numbers of inflammatory cells between 3 days p.i. (prolifera
tion reduction) and 7 days p.i. (proliferation peak), we deduce that
the presence of inflammatory cells itself is not sufficient to inhibit
SVZ activation. The determining factor may, however, be a different
secretory profile of microglial cells at these two time points (42, 43).
In chronic phases of tEAE, the SVZ proliferation was not affected,
similarly to relapsing-remitting EAE (46), and the main change was
oligodendrogenic commitment of C cells, as evidenced by increased
expression of Olig2, not detected in other studies (23). This-dif
ference may again arise from the fact that occurrence of periven
tricular demyelination and intensity of inflammation were greatly
increased in our model as compared with general MOG-induced
EAE. In addition, we show that Olig2 upregulation was due to the
commitment of C cells, while others have mostly investigated this
phenomenon on neuroblasts (23). One could therefore speculate
that MS-like inflammation exerts an inhibitory effect on SVZ neu
rogenesis and that the presence of proximal demyelinating lesions
induces early glial/oligodendrogenic commitment of C cells, also
observed in human studies (16, 17).

Previous studies (16, 17) have described increased early glio

contributes to impaired OB neurogenesis and long-term olfactorygenesis in the SVZ of MS patients, suggesting attempts to repair
memory. Yet the data regarding SVZ proliferation and oligodendro myelin, but the effect of these events on neurogenesis had not been
genesis appear to differ according to the EAE model used. Whereewestigated. Interestingly, we now find that as in tEAE mice, later
in both whole myelin—induced EAE in C57BL/6 mice (22) and pro al SVZ from MS patients showed decreased neuroblast content. It
teolipid protein (PLP)—induced relapsing-remitting EAE in Sjl mice therefore appears that following inflammatory attacks and myelin
(46) SVZ proliferation increased in the acute but not chronic (46)loss in proximal areas, neurogenesis/gliogenesis balance by human
phases, decreased numbers of proliferating SVZ cells at all timé&VZ precursors becomes altered, leading to increased attempts at
were observed in MOG peptide—induced EAE (23). In these prewglial production. Independent of the success of such attempts in
ous studies, the criteria for selection of EAE mice for analyses waenerating oligodendrocytes, this early switch appears to be detri
limb paralysis, which is indicative of spinal cord pathology but not mental for neuroblast generation.

necessarily of the presence of inflammatory demyelinating lesions Inflammation-triggered decreases in OB neuronal supply dur

in the SVZ vicinity. In our study, we correlated SVZ changes specifing tEAE significantly altered long-term olfactory memory, but
cally to the events within the forebrain. We first observed a decreas®t short-term olfactory memory or odorant discrimination, sup

in proliferation at 3 days. As the forebrain pathology in all tEAE porting previous findings that long-term olfactory memory is the
mice started with cytokine injection, we deduce that the intensitymain function of adult SVZ neurogenesis (4, 5). Unaffected oHac
of this initial inflammatory reaction at 3 days p.i. reduces numberstory memory following OB neurogenesis ablation has also been
of proliferating SVZ cells by inducing neuroblast death/emigra reported (48, 49), but these studies employed nonoperant tasks to
tion and somewhat diminishing the C cell proliferation (data not examine olfaction, while we and others reporting a decrease in elfac
shown). As periventricular inflammation in general EAE modelstory memory (4, 5) have employed operant tasks. These two types of
frequently precedes clinical signs (47) that are considered as thests may actually be examining different olfactory functions (50).
initiation of the disease, it could be that the initial SVZ response One could argue that olfactory deficit during tEAE is due to
prior to proliferation during general EAE was missed (22, 46). Ourevents other than SVZ neurogenesis impairment. No decrease
study also shows that at 7 days p.i., very shortly after the initialn hippocampal immunoreactivity for DCX in tEAE mice was
reduction in numbers of proliferating cells, the niche launches adetected (data not shown), excluding the role of hippocampal
regenerative attempt. This increase in proliferation is consistenimpairment in memory deficit. Moreover, apoptotic neurons
with studies of whole myelin—induced EAE (22) and the acutdn tEAE cortex were not observed. Although we cannot exclude
phase of relapsing-remitting EAE (46) and therefore strengthenshat forebrain inflammation may specifically affect functioning
the concept of SVZ activation following disease induction. Givenof olfactory areas involved in memory, the fact that similar func
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tional deficits occur following non-inflammatory SVZ neurogen Antibodies and IHC
esis impairment (4, 5) strongly suggests that long-term olfactoryPrimary antibodies used were: anti-PSA-NCAM, mouse anti-GFAP, anti-
memory deficit in tEAE mice is a direct consequence of decreas@ildU, and anti-CD19 (Abcys); anti-DCX (Abcam), anti-Mash1, and anti—
neuronal supply to the OB. Ki-67 (BD Biosciences — Pharmingen); anti—cleaved caspase-3 and anti—
Interestingly, olfactory dysfunction occurs during MS (51) and p-Smad1/5/8 (Cell Signaling Technology); anti-Olig2, anti-MBP, anti-
is characterized by defective odor identification, although odorNeuN, and anti-GFAPb(Millipore); anti-DIx2 (54); anti-MOG (hybridoma
the detection threshold appears preserved (18), as seen in tEAHpernatant, provided by C. Linnington, University of Glasgow, Glasgow,
mice. So far, defective olfaction during MS has been attributedJnited Kingdom); anti-CD45, anti-CD8, and anti-CD4 (Invitrogen); NF-200
to inflammatory lesion load within frontal/temporal regions (Sigma-Aldrich); rabbit anti-GFAP (Dako); and anti-F4/80 (Serotec). Sec
(18, 52), although relative olfactory tract sparing has beerondary antibodies included antibodies from Jackson ImmunoResearch
reported previously (18). Our results suggest that inflamma Europe and Alexa Fluor—conjugated antibodies (Invitrogen).
tion-induced SVZ changes may provide an alternative/comple Sections were air dried for 1 hour and rehydrated in PBS. For IHC of
mentary explanation for MS olfactory deficits and support the transcription factors (Mash1, Olig2, and DIx2), antigen retrieval was per
growing idea that adult NSC dysfunction contributes to patho formed by microwaving the sections in a retrieval buffer (Vector Labora
genesis in brain disorders (53). Further insights into the func tories/Dako) for 2 minutes. After washing, appropriate blocking buffer
tional role of human SVZ neurogenesis are, however, requiredas applied for 30 minutes, followed by primary antibody incubation
to ultimately support the validity of this proof of concept in the overnight at 4°C. Sections were washed and secondary antibodies applied

clinical scenario. for 1 hour. For p-Smad1/5/8 IHC, the signal was amplified using biotiny!
ated secondary antibody followed by horseradish peroxidase—conjugated
.FUIPET streptavidin (Invitrogen) and revealed using a DAB kit (Abcys) or by Alexa
Fluor—conjugated streptavidin (Invitrogen) for fluorescence microscopy.
Targeted EAE induction Nuclei were counterstained with Hoechst.

Nine- to 10-week-old female C57BL/6 mice were purchased from Janvier.

Experiments were performed under French Agricultural Ministry—Animal Quantification of different cell types within the SVZ/OB

Welfare licence number B75-13-08. Mice were housed under standard coimages were taken from 4 consecutive SVZ sections separated byh44
ditions and were given ad libitum access to dry food and water. Subclinicadt 40 magnification using a digital camera (SPOT Flex, SPOT Imaging
immunization was performed by subcutaneous injection of 2% MOG  Solutions) attached to a microscope (Leica) and imported into NIH ImageJ
peptide (MOGss-s5, NeoMPS) in CFA (Difco). Sixteen to 20 days latersoftware (http://rsb.info.nih.gov/ij/). Three to 5 images/section were taken
mice were anesthetized with Imalgene/xylazine. Two microliters of a eockio cover the entire SVZ length. The SVZ was delimited on the DAPI channel
tail containing 250 ng mouse TNF-_ (R&D) and 1,500 U IFNa(Sigma- and imported onto red/green channels to regionally restrict the analysis.
Aldrich) in saline was stereotaxically injected into the corpus callosumFor each image, the SVZ area was measured and positive cells were counted.
using the following coordinates: antero-posterior 1.5, lateral 1, deep 2.1Results are presented as the total number of positive cells per SVZ area mea
Sham controls were saline injected, and cytokine injection controls wereured. Colocalization studies were performed strictly using nuclear markers
non-immunized animals injected with cytokine cocktail. Immunization by evaluating numbers of cells labeled at both red and green channels.

controls were immunized noninjected mice. Quantification of PSA-NCAM or DCX in SVZ/OB was performed by
measuring their immunoreactivity within the surface area examined. The
Perfusion and tissue processing SVZ/OB area was delimited on the DAPI channel and transferred onto the

Mice were euthanized with Imalgene and perfused with a 2% or 4% PFAannel corresponding to the antigen of interest. The threshold was estab
(Sigma-Aldrich) solution in PBS for IHC analysis or Karnovsky fixativelished and percentage of area labeled within the total area examined-mea
(2% PFA/2.5% glutaraldehyde [Electron Microscopy Sciences] in 0.1 8ired. Results are presented as hsurface labeled/crhtotal surface.
phosphate buffer [PB]) for EM. For IHC analysis, brains were placed in 20% Quantification of DCX* cells in MS and control SVZ was performed on
sucrose solution and frozen in embedding medium (Thermo Electron).digital images (ImageJ software) of 3 serial sections (#80apart). Because
Twelve-microgram sagittal or coronal sections were cut. In experimentshe human SVZ is heterogeneous in size and composition, we restricted
evaluating DCX immunoreactivity in the OB, brains were post-fixed over our study to the lateral SVZ facing the caudate nucleus and dorsal to the
night in 4% PFA and 40%n-thick vibratome sections cut. striatal vein as previously described (16). Data are expressed as the mean
For EM analyses, brains were post-fixed overnight and washed in 0.1 Rumber of cellst SEM per surface SVZ.
PB, and 200+4m-thick coronal vibratome sections were cut. The next day,
the tissue was post-fixed in 2% osmium for 2 hours, rinsed, dehydrated?roliferation and tracing assays

and embedded in Araldite epoxy resin (Fluka). Mice were injected intraperitoneally with 1064 of 10 mg/ml BrdU solu
tion in sterile saline 2 times with a 2-hour interval. For evaluation of SVZ
Ultrastructural analysis of the SVZ proliferation, mice were sacrificed 2 hours following the second pulse. For

To study the overall SVZ organization, 1.9m semi-thin sections were tracing experiments, mice were sacrificed 2 weeks following BrdU pulses.
cut with a diamond knife and stained with 1% toluidine blue. Ultrathin BrdU IHC was performed as previously described (22).

(70-nm) sections were cut, stained with lead citrate, and examined under

a transmission electron microscope (Tecnai Spirit G2, FEI) using a digitaDlIfaction study

camera (Morada). The number of profiles corresponding to different cellFor olfaction experiments, tEAE and sham-injected mice were injected
types along the ventricular wall was determined. Different cell types in thevilaterally. Animals were tested in Pasteur Institute animal care facilities
adult SVZ were identified as described previously (24) and scored as cefficially registered for experimental studies on rodents (French Agricul
number/mm SVZ length or the percentage of each cell type over the totaiural Ministry—Animal Welfare approval number for animal care facilities,
number of cells counted. A75-15-08; 75-585 for animal experimentation).
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Olfactory discriminatiofor the olfactory discrimination task, we used a MS cases, the average duration of the disease since the onset of the first
habituation-dishabituation test (4). No conditioning or deprivation was symptoms was 18.33 years (range, 8—31). The mean age was 51 years (range,
performed before the tasks. Test cages were composed of boxes with t&8-69) for MS cases and 92.5 (range, 90-98) years for controls. The death
compartments separated by an aluminum partition (diameter of holes, tissue preservation delay varied between 7 and 19 hours (Supplemental
0.5 cm). Afilter paper (Whatman), impregnated with dmineral oil (Sigma- Table 2). Histological assessment of MS lesions was performed using Luxol
Aldrich) containing 0.4% odorant solution, was introduced in the lower fast blue/cresyl violet and oil red O (macrophages filled with myelin debris)
compartment. Mice were trained with 6 exposures to linalool (session 1)staining, and lesion activity was determined as previously described (16).
They were then exposed to odorants as follows (sessions 2—4, 2-minute
exposure): 4 exposures to the first odorant (habituation); 1 exposure to &tatistics
similar odorant; 2 exposures to the habituation odorant; 1 exposure to aAll data are expressed as mean = SEM. Statistical analyses were carried out
dissimilar odorant (dishabituation). A 2-minute interval was left between using Prism software (GraphPad Software), withvalues less than 0.05
each trial. We measured the time mice spent investigating each odorantonsidered significant. For IHC and EM analyses, data were analyzed using
Odorant recognition was defined by a decrease in investigation time eomparametric statistics, with 1-way ANOVA followed by unpaired 2-tailed
pared with previous presentation of the same odorant. Student’st test. Behavioral data were analyzed using 2-way ANOVA for

Short-term olfactory mem@mge day after the last habituation-dishabitu repeated measures, followed by unpaired 2-tailed Studentisst. Statistt
ation session, mice were exposed to mint odorant twice for 5 minutes wittcal analyses relevant to data are presented in the figure legends.

a 2-minute interval pause and then reexposed to mint following a 30-min
ute resting period. Odorant investigation time was recorded. Study approval

Rewarded olfactory discrimina@aforant detection threshold: Mice were The animal studies described in this work were performed under French
maintained on a 1-ml/d water deprivation diet for 7 days. They were therAgricultural Ministry—Animal Welfare licence numbers B75-13-08 and
trained using olfactometers (4) to respond to the presence of linalool dilut A75-585. Concerning the use of human material, tissues were collected
ed in mineral oil (8) by licking the water delivery tube situated out of the with the donors’ fully informed consent via a prospective donor scheme
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