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B1 integrins activate a MAPK signalling pathway in neural stem cells
that contributes to their maintenance
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Summary

The emerging evidence that stem cells develop in
specialised niches highlights the potential role of

on neural stem cells and can be used for their selection.
MAPK, but not PI3K, signalling is required for neural stem

environmental factors in their regulation. Here we examine
the role of 1 integrin/extracellular matrix interactions in
neural stem cells. We find high levels of31 integrin
expression in the stem-cell containing regions of the
embryonic CNS, with associated expression of the laminin
a2 chain. Expression levels of laminira2 are reduced in
the postnatal CNS, but a population of cells expressing high
levels of B1 remains. Using neurospheres — aggregate
cultures, derived from single stem cells, that have a three-
dimensional architecture that results in the localisation of
the stem cell population around the edge of the sphere —we
show directly that 31 integrins are expressed at high levels

cell maintenance, as assessed by neurosphere formation,
and inhibition or genetic ablation of 31 integrin using
cre/lox technology reduces the level of MAPK activity. We
conclude that integrins are therefore an important part of
the signalling mechanisms that control neural stem cell
behaviour in specific areas of the CNS.

Supplemental data available online
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Introduction been identified (Kintner, 2002), the crucial mechanisms that

Neural stem cells are defined as cells able to undergo seff@intain the neural stem population within the SVZ
renewing divisions, and form both neurones and the tw roughoutlllfe remain undefined. An_ important contribution
classes of glial cell in the CNS, astrocytes and myelin-formin the maintenance of stem cells in other developmental
oligodendrocytes. Studies using cell culture at clonal densitieyyStéms is made by extracellular signals present in specific
have established that these cells are present in both tR¥croenvironments or ‘niches’ (Watt and Hogan, 2000;
embryonic (Kilpatrick and Bartlett, 1993) and the adultSPradling et al., 2001). So, for example, BMPs and their
(Reynolds and Weiss, 1992) mouse forebrain. Anhoug@r]alogues have been shown to maintain germline stem cellsin
the majority of neuroepithelial cells in early embryonic Mice (Lawson et al., 1999; Ying et al., 2000) @vdsophila
development have the properties of stem cells, within théXie and Spradling, 1998). The instructive potential of such
postnatal and adult CNS these cells appear to be restricteytracellular signals for neural stem cells is illustrated by the
largely to the subventricular zone (SVZ) adjacent to the laterdinding that oligodendrocyte precursor cells can revert back to
ventricles. This zone contains two specific populations tha® stem cell state when exposed to appropriate growth factors
have been suggested to act as neural stem cells: the ependyff@ndo and Raff, 2000). These experiments highlight the need
cells (Johansson et al., 1999) and a subpopulation of astrocyt@sidentify the ‘niche’ signals within the SVZ and those cell-
capable of giving rise to neuroblasts (Doetsch et al., 1999). surface receptors present on neural stem cells that are required
major role for these cells in the rodent is the generation dpr their recognition.
olfactory neuronal precursors that migrate along the rostral In addition to growth factors, another potentially important
migratory stream. Studies showing increased levels doflass of signals are those provided by extracellular matrix
proliferation within the SVZ following demyelination injuries (ECM) molecules recognised by integrin receptors. Integrin
in adjacent white matter also suggest an important function isignalling pathways are instructive for cell migration,
the generation of cells for neural repair (Nait-Oumesmar et alproliferation, differentiation and survival. These pathways
1999; Decker et al., 2002). interact with those downstream of growth factor receptors, so
Although a number of the transcription factors that controproviding coordinated regulation of cell behaviour by growth
neural stem cell differentiation into neurones and glia havéactors and the ECM (Yamada and Even-Ram, 2002). Integrins
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are heterodimers of two transmembrane chairgnd . The  condition. Proteins were separated by SDS-PAGE and electroblotted
1 subunit is widely expressed and can heterodimerize with atto nitrocellulose membranes (Hybond-C, Pharmacia). Membranes
least 12 differentr subunits, generating integrins with differing were blocked in 10% non-fat dry milk in Tris-buffered saline

ligand specificities (Hynes, 1992). Integrins containingfhe ~(TBS) for 1 hour at room temperature. Blots were then incubated
subunit regulate epidermal stem cell maintenance (Jensen'éth the primary antibodies overnight at 4°C in milk-TBS
al., 1999; Zhu et al., 1999; Raghavan et al., 2000). The high(%?ma'n'ng 0.1% Tween-20 (TBS-T), followed by a 2 hour

expression of the laminin recepto6@l has been implicated imcubation with the appropriate secondary peroxidase-conjugated

. . . flntibody (Amersham). To visualize the immunoreactive proteins
in the maintenance of mouse spermatogonial stem celife ECL kit was used, following the manufacturer’s instructions

(Shinohara et al., 1999) and human embryonic stem cells (X(lAmersham).

et al.,, 2001). Together, these results suggest that integrin

signalling may also play a role in neural stem cell maintenancé&luorescence activated cell sorting (FACS) of neural stem

We have shown previously that neural precursor celfells

populations containing stem cells express a numbeBlof Neqrospheres were dissociated. and incubaFed Wi.th the FITC-
integrins (Jacques et al., 1998). Here we have examined tR@nugated Ha2/5 monoclonal antibody (Pharmingen) in PBSCat 4

function of thesefl integrins in neural stem behaviour, ©°" 30 minutes; this antibody was used previously to stftly

. P : : expression levels in fetal liver cells (Suzuki et al., 2000). Control cells
\é\r/% h(?)é?acgﬁlg?;nmﬁgtri;heIig(;ﬁ(tj”sbus\(/)itnhinqﬂthemtzgrrlrtr]'lsinal were incubated in PBS only. The cells were then counter-stained with

. ; . opidium iodide (5ug/ml, Sigma) for live/dead discrimination and
neuroepithelium during CNS development, and have used c@lted through a MoFlow (Cytomation). Non-FITC fluorescent cells
culture assays to demonstrate that MAPK-dependent signallingere excluded from the sorting. Amongst the fluorescent cells (of
pathways downstream of these integrins contribute to neuralther EGF- or FGF2-grown neurospheres) we defined two groups: a
stem cell maintenance. group of very strongly fluorescent cells and a group of cells with
intermediate levels of labelling. The same number of events was then
sorted from each population. Five thousand cells were deposited in

Materials and methods each well of a 24-well plate. The cells isolated by FACS were then
o grown for a week in the appropriate medium and the number of
Reagents and antibodies secondary neurospheres formed for each condition was counted.

FGF2 was obtained from PeProtech, EGF from Calbiochem and BZIlhese experiments were done five times for EGF- and four times for
supplement from Gibco Life Technologies. All pharmacologicalFGF2-grown neurospheres. Statistical significance was determined
signalling pathway inhibitors were obtained from Sigmausing Student’$-test.

(wortmannin) or Calbiochem (Ly294002, PD98059, AG1478 and

U0126/4). Monoclonal anti-integripl antibodies were obtained from Serial dilution assays

Pharmingen (Ha2/5) and from Chemicon (MB1.2). PolyclonalNeurospheres were completely dissociated, and 4000 cells were re-
antisera againgil were obtained from Chemicon or, for the double-suspended in 40Ql of culture media with EGF or FGF2. Dilution
labelling experiments with anti-nestin, as a kind gift from Professonssays were set up on 96-well plates (lwaki) as followsp200the
Charles Streuli (Manchester). Antibodies against the EGF receptanitial 400 ul containing the 4000 cells was transferred to the adjacent
were obtained from Santa Cruz and Upstate Biotechnology. MAPKvell, which already contained 2Q0 of media. From this second well
and phosphorylated MAPK antibodies were purchased from Newnother 200ul was collected and transferred. This operation was
England Biolabs, and the Akt and Phospho-Akt (serine 473) wereepeated for all the wells in each line creating a range of cell
from Cell Signalling Technology. The following antibodies were usedconcentrations from 2000 (first well) to 1-2 cells (twelfth well). Each
for immunohistochemistry: monoclonal anti-Nestin (Pharmingen) andndividual experiment was performed in triplicate, with the exception
antif33 tubulin (Sigma); and polyclonal anti-Fibronectin (Dako), anti- of the experiments using U0126/4 which were performed in duplicate.
GFAP (Dako), anti-laminin 1 (Sigma), anti-laminit2 chain (Santa Serial dilutions were set up in the presence of the EGF receptor
Cruz) rabbit antisera and anti phospho-histone H3 rabbit antiseiahibitor AG1478 (20uM), MAPK inhibitors (PD98059, 5QuM;
(Upstate Biotech). All fluorescent secondary antibodies were obtaindd0126/4, 10QuM), the p38 MAPK inhibitor SB203580 (5@M) and

from Jackson Immunochemicals. TUNEL was performed using th@I3K inhibitors (wortmannin, 50 nM; LY294002, 248/). After one

Apoptag kit from Intergen. week, the newly formed neurospheres were counted in each well and
) plotted against the initial number of cells per well. The resulting slope
Neurosphere culture preparation of the line was used to compare the different experimental conditions.

Primary cultures were prepared from newborn rats and mice (postnatfatistical analysis of the slopes of the regression lines was performed
day 0-2; PO-P2) (Jacques et al., 1998). Briefly, spheres of neurasing Student's-test.

precursors were grown in EGF or FGF2 (20 ng/ml) from dissociated N )

PO-P2 rat forebrain in DMEM/Hams-F12 supplemented with B27Conditional knock-out of 1 in neurospheres

(Reynolds and Weiss, 1992; Svendsen et al., 1995). The culture mediaurospheres were prepared from PO mice bred to have either the

was changed every 3 days. floxed B1/null or floxedB1l/wild-type (wt) phenotype (by crossing
mice carrying the floxed allele with those heterozygous for a null
Western blots allele of B1), and were grown in both EGF and FGF2 (20 ng/ml).

For protein expression analysis neurospheres were lysed in lysihe floxed 1 allele was generated as previously described
buffer (10 mM Tris-HCI, 5 mM EDTA, 150 mM NacCl buffer and (Brakebusch et al., 2000). After 10 days in culture, the neurospheres
1% Triton X-100) containing proteases and phosphatase inhibitonsere dissociated, cells were infected with an adenoviral vector
(5 pg/ml leupeptin, 2pug/ml aprotinin, 2 mM PMSF, lug/ml expressing cre recombinase (Kalamarides et al., 2002) (a kind gift
pepstatin, 2 mM sodium fluoride, 2 mM sodium vanadate; all fronfrom Dr Marco Giovannini, INSERM U434, Paris) and then replated
Sigma). The supernatant was clarified by centrifugation at 1000 in the same growth factar$he culture medium was changed after
for 20 minutes at 4°C. Protein concentrations in the supernatadtdays to medium without adenovirus. Recombination was confirmed
were determined using a Bio-Rad protein assay, with BSA as by the expression ofp-galactosidase in the newly-formed
standard. For western blotting, @ of protein was loaded in each neurospheres, as excision of f& gene activates &cZ reporter
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gene in the floxed allele. The number of entirely blue neurospherédsymunohistochemistry and cell counts

formed by the floxe@1/null was then compared with the number of For proliferation assays BrdU was added to the culture media (10-20
entirely blue neurospheres made by the control fi@&udt for an | imol/l) 30 minutes, 3 hours or 24 hours before fixation. Neurospheres
equal number of plated cells (3000 cells/well of a 24-well plate)and neonatal or embryonic brain tissue were then fixed in 2-4%
Neurospheres in which excision had not occurred or was incomplefgyraformaldehyde in PBS (phosphate buffered saline). The samples
(as evidenced by cells not expressipgalactosidase) were not yere then transferred to a 25% solution of sucrose (w/v) and left
included in the assay. For the experiments analysing MAPkovernight at 4°C. Cryostat sections (li#h) were prepared from
phosphorylation, neurospheres generated from flofi@hull or  jmbedded brains or neurospheres (TissueTek-Sakura) and used for
floxedB1/wt cells were passaged at least ten times and then incubatgmunohistochemistry. Sections were blocked in PBS (0.1% Triton
overnight in the EGF receptor inhibitor AG1478 (@M), in the  X-100) containing normal goat serum and incubated overnight
presence of 20 ng/ml EGF and FGF2. The spheres were then lysggth the appropriate antibodies at 4°C. After incubation with the
as above and western blot analysis performed using MAPK angppropriate secondary antibodies and counter-staining with DAPI,
phosphorylated MAPK antibodies, as described above. Equal loadigctures were acquired using a Zeiss fluorescence microscope

was confirmed by protein quantification. The gels were scanned ar@uipped with a Hamamatsu Orca camera. Images were processed
quantified using the NIH Image 1.62 software, with the ratio of theysing Open Lab (Improvision).

band intensities of total MAPK and phosphorylated MAPK
calculated for each neurosphere cell line, with and without the
inhibitor. Three cell lines of each genotype were analysed. AIResults
samples were run on a single gel and pro_ces_sed simultaneously, wﬁg . . d ECM L inal

the total MAPK analysis performed by stripping the membrane afte lntegl_’ln an Expression in germina

the P-MAPK analysis. Studentsest was used to compare the ratio N€uroepithelium

of band intensities following exposure to AG1478 in both of the twoPrevious studies have shown that stem cells in human skin can
genotypes. be identified by their high levels @fL integrin expression, as
compared with the transit-amplifying keratinocyte precursor
cell population (Jensen et al.,, 1999). To determine whether
neural stem cells also express high level@Dbfintegrin, we
examined the ventricular (germinal) region in embryonic and
new-born mouse and rat (Fig. 1). At E12.5 in the mouse (Fig.
1A,B,E), B1 anda6 integrins were expressed throughout this
region, with the highest levels immediately adjacent to the
ventricle. Similar results were seen in the embryonic rat (data
not shown). In postnatal animals, however, only a
subpopulation of cells was strongly labelled by antibodies
against3l integrin (Fig. 1L,0). These cells were only present
in the lateral wall of the ventricle, and no labelling was seen
in the medial wall (Fig. 10). The cells had an elongated
morphology perpendicular to the ventricular surface.
Experiments using antibodies against phosphorylated histone-
H3 showed mitotic cells within the region expressing high
levels of 1 in the E12.5 embryonic mouse ventricular zone
(Fig. 1C), with double-labelling showingl expression
directly on these cells (Fig. 1D-G). Double-labelling

Fig. 1.31 expression in the mouse and rat germinal neuroepithelium.
(A-C) Expression o1 (A, red) andx6 (B, red) in the the E12.5
mouse VZ. Proliferative cells are revealed in C by labelling with an
antibody against phosphorylated histone H3 (P-H3). Note that these
cells are seen immediately adjacent to the ventricle, in the region
wheref1 expression is highest. Nuclei in A and B (green) are
counterstained with DAPI. (D-G) Proliferation of th&-expressing

cells is shown directly in a section double labelled for P-H3 (green)
andpl (red). Nuclei are shown counterstained with DAPI in D

(blue), and a merged image is shown in F. (H-K) E12.5 mouse VZ
cells adjacent to the ventricle and expressing high levei& ¢

also express nestin (H, merged in J with DAPI shown in K). Note the
extensive double labelling, whereas the developing blood vessel
(arrowed) labels much more weakly with the anti-nestin antibody.
(L-N) Some of the31* cells observed two days after birth (P2) in the
mouse VZ/SVZ (L) double label with nestin (M, merged image
shown in N, arrow). (O) At PR1* cells are also prominent in the
lateral wall of the ventricle in the rat. Note the elongated morphology
and the lack of labelling in the medial wall. All sections are coronal.
Scale bar: 1pim in D-G,L-N; 20um in H-K,O; 25um in A,B;

30umin C.
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Fig. 2. Expression of fibronectin, laminin 1 (L1) and laminin
a2 chain (la2) in the rat VZ/SVZ. In the rat at E15.5,
fibronectin is expressed in a speckled pattern throughout the
developing cortex (A), L1 is found around the blood vessels
and on the pial surface (B) and lamini# shows a
condensation in the VZ (C, arrowheads). In the P2 rat brain,
fibronectin can be found (D) in the VZ/SVZ, whereas L1 is
present only around blood vessels (E) an@ levels are
extremely low (F and inset). L1o2 and fibronectin are
shown in red, and DAPI-counterstained nuclei are shown in
green. All sections are coronal. Scale barp20

In these cultures some of the cells form spheres
(neurospheres) which, when dissociated and replated at
clonal density, will form new spheres. Following each
such passage, cells within the spheres can differentiate
into neurones, astrocytes or oligodendrocytes, confirming
that the sphere-forming cells represent neural stem cells
(Reynolds and Weiss, 1992; Reynolds and Weiss, 1996).
Each sphere therefore represents a mixture of stem and
committed precursor cells that arise from a single stem
cell. We reasoned that these spheres were likely to
develop a three dimensional architecture in which stem
and precursor cells separate, as seen in the intact
embryonic CNS. If so, and if cells expressing high levels
experiments also showed tHat-expressing cells in the pre- of B1 integrin represent a stem cell population, then it follows
and postnatal ventricular zone expressed the stem atat these cells will be spatially distinct from those expressing
precursor cell marker nestin (Fig. 1H-K,L-N), but not themarkers of differentiation and will be present in areas of the
polysialated isoform of NCAM (PSA-NCAM) seen on sphere expressing stem cell markers.
precursor cells (not shown), from which we conclude that at To test these predictions we cut cryostat sections of intact
least some of theq&l-expressing cells are neural stem cells. neurospheres and immunostained them with [htintegrin

To determine whether extracellular matrix ligands fdr  antibodies. These experiments showed that, for spheres
integrins were present in the stem cell-containing regions werepared from either rat or mouse, cells expressing high levels
examined the expression of laminins and fibronectin byf 1 were present only on the edge of the sphere (Fig. 3A,B).
immunohistochemistry. Laminin distribution was determinedWe then compared this distribution with that of a stem and
using a polyclonal antibody against all three chains of laminiearly precursor cell marker (the intermediate filament protein
1 and a second antibody against the lamirfnchain present nestin, Fig. 3B,C) and with that of markers of committed
in laminins 2, 4 and 12. In E12.5 mouse and E15.5 rat, wprecursor cells for neurondd3(tubulin, Fig. 3F) and astrocytes
found expression of laminm2 in the ventricular region, being (GFAP, Fig. 3D,E). Nestincells were present around the edge
strongest immediately adjacent to the ventricle (Fig. 2C)of the sphere within the population expressing high levels of
where we had also observed expression ofo{&l integrin 1 integrin (Fig. 3B), whereas the differentiation markers were
laminin receptor (Fig. 1). This expression pattern contrasteghainly present inside the sphere (Fig. 3D-F), demonstrating the
with that seen for laminin 1, which was found mainly aroundseparation of stem cell and committed precursor populations.
the blood vessels (Fig. 2B), and for fibronectin, which was An important feature of the architecture of the intact CNS is
present at low levels in a speckled pattern throughout ththat the proliferating stem cell population is distinct from the
ventricular and subventricular regions (Fig. 2A). In thenewly-differentiated post-mitotic neurones present in more
postnatal CNS of both mouse (not shown) and rat (Fig. 2D-Fuperficial regions of the cortex. This is illustrated by a
the expression of laminim2 was less, although still detectable, separation of phosphorylated histone H3 or BrdU labelling
whereas the expression patterns of fibronectin and laminin (both of which identify dividing cells) and33 tubulin

remained similar to those seen at E12.5 and E15.5. expression (a marker of neuronal differentiation) in the
embryonic ventricular region (as shown in Fig. 3G-l). To

B1 integrin and ECM expression in sectioned determine whether the same distinction was also present in

neurospheres neurospheres, the spheres were exposed to short pulses (30

The location of higil-expressing cells reported above minutes) of BrdU before fixation and sectioning. BrdU
corresponds to that described for neural stem cells within thacorporation was seen only in cells at the edge of the sphere.
SVZ of the postnatal CNS, as detected by cell proliferatioThese cells did not express markers of neuronal differentiation
studies (Craig et al., 1996; Morshead et al., 1998). T¢Fig. 3K), which were present only in central regions of the
determine the relationship betweph expression and neural sphere, but did express the EGF receptor (Fig. 3L), present on
stem cells in more detail, we used a three-dimensional cultureeural stem cells grown in FGF (Lillien and Raphael, 2000).
technigue in which neural cells are plated at clonal density owith longer pulses of BrdU (3 and 24 hours) labelled cells
non-adherent substrates in the presence of FGF2 and/or EGFere seen further towards the centre of the sphere (not shown)
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Fig. 4. Expression of ECM molecules on neurosphg@sLaminin

a2 chain (red) is highly expressed at the edge of neurospheres.
Nuclei are counterstained with DAPI (green). (B) A model of the
neurosphere three-dimensional structure, summarizing the data
presented and showing how nestin, EGF receptor (EGHR),

integrin @) and laminina2 (L2) are found in the same region. Note
that, for clarity, the GFAP distributed throughout the centre of the
sphere is only shown on the left side of the model, whereas the nestin
Fig. 3. The three-dimensional structure of the neurospheres and BrdU labelling around the perimeter of the entire sphere is only
compared with the developing neuroepithelium. (A) Expression of Shown on the right side. (C,D) In the sectioned neurospheres laminin
B1 on 14um cryostat sections of neurospheres grown in EGF from 1 is found in the center (C), whereas lamimthpredominates at the

PO rat pups. Note that hidt-expressing cells are present at the ~ edge (A,D). Scale bar: 20m.

edge of the spheres. (B) Co-labelling of h[gftrexpressing cells

(green) with anti-nestin antibodies (red) is seen at the edge of the

neurosphere. (C) The cells in the centre of the neurosphere, shownstem cells as the sphere expands by division of cells around the

by DAPI staining (blue), do not stain for nestin (red). Expression of edge. Division of cells at the periphery of the neurospheres was
GFAP (D, red), nestin/GFAP (E, green and red, respectivelypand also detected using antibodies against phosphorylated histone
tubulin (F, red) in neurospheres grown from PO rat pups shows that H3 (data not shown), confirming the results obtained with
differentiated cells are present mostly in the center. Nuclei are BrdU.
coun_terstalned with DAPI_ (blue). P_rollferat|on in the developing VZ Just as in the intact developing CNS, we found that laminin
e ot Lo o> 02 Was présent i the region containing the cells that express
expression of phosphorylated histone H3 (P-H3, red; H,I), whereas high IevelslofBI (Fig. 4A'D): Laminin 1, by Contrf’:\st, was
B3 tubulin® cells (green: H,G) do not express P-H3. (G,l) Higher ~ €Xpressed in the central regions of the sphere (Fig. 4C), and
magnification views of thg3 tubulirt region (G) and the fibronectin was diffusely localised in a speckled pattern (not
phosphorylated histone H3+ region (I) seen in H, as indicated by thehown) similar to that seen in the intact CNS. Together, these
boxes. Likewise in the neurospheres BrdU incorporation (green observations reveal a distribution of the different molecules
nuclei, J) occurs at the periphery only, and not in the postm@dtic  within the sphere that mirrors that seen in the intact CNS; the
tubulin® cells in the centre (red cells, K). Note that the yellow (non  three-dimensional structure of the spheres is summarised in
nuclear) staining seen in the centre of the sphere is due to Fig. 4B.
E:ccgp?trc?ru?r? K(;)nghfncféllz |aat1rtehici?rﬁirgiairneezpwhﬁrrleDe;\(glr?zlsuteh)e EGF | stem cells are present around the edge of the neurosphere,
Scale bar: 15im in B; 20um in A: 25um in C-G,L,I; 30um in J,K: then qhanges in groyvth _factor receptor expression no_rmall_y
40um in H. seen in these cell_s in vivo .should also be observed in this
region. To test this prediction, we took advantage of the
observation that FGF2 promotes the upregulation of the EGF
and the labelling index increased from 12% with a 30-minuteeceptor in neural stem cells (Lillien and Raphael, 2000). In
exposure to 24% and 49% for a 3- and 24-hour exposure tmnfirmation of these results, when spheres grown in EGF
BrdU, respectively. Interestingly the figures of 12 and 24% foalone were sectioned and immunolabelled with anti-EGF
the 30-minute and 3-hour exposure to BrdU are in keeping witteceptor antibodies, they showed low but distinct labelling at
the figure of 18.5% established for in vivo BrdU incorporationthe edges of the spheres in the region shown above to contain
in the VZ/SVZ of E14 embryos exposed to BrdU for 35-40the EGF receptor-expressing cells (Fig. 5A). However, spheres
minutes (Miyata et al., 2001). The appearance of labelled celtgown in FGF2 showed much higher levels of EGF receptor
within the centre of the sphere is consistent with theexpression at the edge of the sphere (Fig. 5B), once again in
differentiation of precursors that have arisen from dividingthe region containing the hidgbt-expressing cells. We also
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Fig. 5.Expression of EGF receptor in neurospheres. Sections of é & I
mouse neurospheres grown from PO pups in EGF (A) or FGF2 (B). Ty
There is a greater expression of EGF receptor in the neurospheres c E g
grown in FGF2 (compare A and B). This is confirmed by western G L 8
blotting using an anti-EGF receptor antibody, as shown in C. Note 2 5100 4
also the increased expressiorBafin spheres grown in EGF (lane E) g bEGF B2
when compared with spheres grown in FGF2 (lane F). Scale bar: 40 ; %; o . T
pm for A,B. PI . 4 Se
83 =
3 il
obtained increased levels of EGF receptor expression in FGI D 1 2 3 4 E

treated spheres when analysed by western blotting (Fig. 5C
Taken together, we conclude from these results the
neurospheres do have a distinct three-dimensional architectutgy. 6. Cells expressing high levels pt generate more
with the stem cell population around the edge, in a regioReurospheres. Dissociated (A) and intact (B) neurospheres stained
containing laminina2 and 31 integrin-expressing cells, as for 1 (red in A, arrow in B). Note the presence of a cell population
observed in the intact developing CNS, whereas the momxpressing high levels @fL. Nuclei in A were counterstained with
differentiated cells lie within the central regions of the sphereDAPI (blue). (C) Neurospheres grown in EGF were dissociated,
labelled with a monoclonal arit antibody conjugated with FITC
Neurosphere formation by cells expressing h|gh or and sorted into two gl’OUps — high e_xpressers (box 1) and moderate
intermediate levels of Bl integrin expressers (box 2) — as discussed in the text. (D) Neurospheres

. rown in FGF2 were dissociated, labelled with a monoclonalfanti-
If the cells around the edge of the neurospheres expressing h%ﬂibody conjugated with FITC and sorted into two groups — high

levels off1 are neural stem cells, then we would predict thag,ressers (hox 3) and moderate expressers (box 4) as above.
these cells will be more likely to form neurospheres [whichg) Graph showing the number of secondary neurospheres formed
derive from a single stem cell in clonal density culturesrom the sorted cell populations after one week in culture. The
(Reynolds and Weiss, 1996)] than cells expressing lower levetiifferences between both 1 and 2 (high and mod@datxpressers

of B1 integrin. To test this predicted relationship betw@e&n in EGF), and between 3 and 4 (high and modddatexpressers in
expressing cells and neurosphere formation, we performed3F2), are statistically significar€0.001). Scale bar: 20m for
immunofluorescent labelling experiments and FACS analysi§'B-

on dissociated neurosphere cells grown in either FGF2 or EGF.

As expected from the immunofluorescent pattern seen in tH&l expression, 7.55+2.15%. FGF: 6.35+0.75% and
sectioned neurospheres, antibody labelling of cells dissociatéd25+2.55%, respectively). However significantly more
from neurospheres revealed the presence of a smalpheres formed from the higii-expressing population after
subpopulation of cells expressing higher level§bfintegrin  one week in culture in either growth factor (Fig. 6E),
(Fig. 6A,B). The FACS profiles confirmed the presence of cellsonfirming that cells in this population have a higher
expressing high levels opl, and also revealed thfdl  probability of behaving like neural stem cells than cells
expression levels were higher in the EGF-grown spheres thaxpressing intermediate levels L integrin. Both groups,
those grown in FGF2 (also shown by western blotting ohowever, showed a higher potential to form spheres than
neurosphere lysates, as shown in Fig. 5). To examinenselected cell populations also containing cells expressing
neurosphere formation potential, we selected a defined numHdew levels off31 integrin. In two separate experiments in which
of cells from the population comprising the 5% of cells withwe compared the sphere forming potential of Hgh-

the greatest levels of expression (boxes 1 and 3 in Fig. 6C apslpressing and intermedigbd-expressing cells with the

D, respectively) and carried out neurosphere-forming assays whole (ungated) population (after exclusion of non-viable cells
measure the number of stem cells by plating the cells at loas described in Materials and methods, and as illustrated in the
density (4000 cells/cA). For comparison, the same numbersupplementary figure, see Fig. S1 at http:dev.biologists.org/
of cells were selected from the population expressingupplemental), we found that in EGF high-expressing cells
intermediate levels ol (boxes 2 and 4 in Fig. 6C and D, formed 12 times more spheres than the ungated group.
respectively) and were grown in each condition. There were nakewise, EGF-grown intermediaf&t-expressing cells
significant differences in the viability of the cell populationsgenerated four times more secondary spheres than the ungated
immediately after sorting, as assessed by tryphan blugroup. For FGF-grown spheres, high-expressing cells
exclusion (EGF: highl expression 5.6+3.7%; intermediate generated five times more spheres than the ungated population

BI-FITC
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Fig. 7. Effects of blocking MAPK on neural stem cell maintenaijé¢ Phosphorylated MAPK expression and DAPI labelling of a sectioned
neurosphere grown from PO rat brain. Note the peripheral location of the P-MAPK labelling. Scalgibar(B4) A decrease in
neurosphere formation is seen in serial dilution assays in the presence of blockers for MAPK (PD98059). B shows théiemteridiuin a
single experiment for cells grown in EGF plotted on a log-log scale, whereas E shows the same dilution series with Sreeat duale
regression lines from the data. C and F show the same data for cells grown in FGF. Note that, as expected, the EGHbioepGL#iI8
also inhibits neurosphere formation at all dilutions in EGF. Blockers of MAPK38 (SB203580) and PI3 kinase (wortmannin ab@R)Yi204
not show any effect on neurosphere formation. PD, PD98059; AG, AG1478; WM, wortmanin; Ly, Ly294002; SB, SB203580. D and G show
the effect of the MEK inhibitor U0126 on cells grown in EGF, as compared with the control U0124 or untreated cells. MKbibitioat of
sphere formation is also seen with this inhibitor. The efficacy of the inhibitors is shown in the western blots (H). Leam#8-1-8 show cells
grown in EGF and FGF, respectively, and exposed to LY294002 (lanes 1, 8), wortmannin (lanes 2, 9), U0124 (lanes 3, 1ajd301, 261§
or PD98059 (lanes 5, 12), or grown without inhibitors (lanes 6, 13). Lanes 7 and 14 show cells starved of growth fatdcealyisis. Note
that growth factor deprivation reduces phosphorylation of both MAPK and Akt (compare lanes 6, 7 and 13, 14). PD98059 aedud®126
only MAPK phosphorylation, whereas wortmannin and LY294002 reduce only Akt phosphorylation.

and the intermediat@i-expressing cells generated 3.4 timespossibility that shared downstream signalling molecules might

more neurospheres than the ungated population. be important in the regulation of neural stem cell behaviour.
One candidate is MAPK, shown to play a role in the

A MAPK signalling pathway is essential to neural maintenance of the human skin stem cells (Zhu et al., 1999).

stem cell maintenance To determine whether MAPK is activated in neural stem cells,

The demonstration that EGF receptor expression @hd we immunolabelled neurosphere sections with an antibody
integrin co-distribute at the edge of the neurospheres raises thgainst phosphorylated MAPK. Bright labelling was seen only
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at the edge of the sphere with cells grown in either FGF2 ¢
EGF alone (Fig. 7A). Activated MAPK was also observed by
western blotting lysates prepared from the neurospheres (n
shown, but see Fig. 8). In order to establish the role of MAP}
signalling in neural stem cell maintenance we use(
pharmacological inhibitors. To quantify the effects of these
inhibitors we used serial dilutions assays rather than platin
cells at low density. In these assays, a fixed number of cel
was progressively diluted in adjacent wells of a 96-well plate
and the number of spheres that formed in each well we
counted in the presence of inhibitors of p42,44 MAPK, p3¢
MAPK, PI3K or the EGF receptor. The very low plating
density in the high dilution wells ensures that spheres represe
growth from a single cell and not an aggregation of cells. A
shown in Fig. 7, log-log plots of the data from individual
experiments confirmed that, for all dilutions at which one ol
more spheres form, the relationship between the number
cells plated and the number of spheres formed was consta
as evidenced by the straight line in the graph. We concluc
from this that the ability of the stem cells to form spheres i
independent of plating density and that regression line
calculated from the linear plots accurately reflect cell
behaviour at all densities. The validity of the regression line
to represent the data from these assays is confirmec? by
values of >0.85 for all experimental conditions. When
neurospheres were dissociated and cells were replated in 1
serial dilution assay in the presence of the MAPK p42,4:
pathway inhibitor PD98059, and grown in either FGF2 or EGF
a reduction in the number of cells able to form new
neurospheres was seen, as evidenced by the reduced sl
shown in Fig. 7E,F. For cells grown in EGF alone the mea
slope of the regression lines from three experiments we
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Fig. 8. MAPK is regulated by31 integrin. (A) Western blots show
that activation of MAPK by both EGF and FGF2 is reduced by a
monoclonal antP1 blocking antibody (Ha2/5). Addition of the

0.028+0.002 (meanz+s.e.m.2$0.94,n=11), as compared with
0.006+0.001(R=0.855) for cells grown in EGF and PD98059
(P<0.001, n=6). For cells grown in FGF the values were
0.05+0.01 (R=0.99) and 0.016+0.011 ¢R0.99), respectively

(P<0.05,n=5). For cells grown in EGF, the EGF receptorantibody is indicated by ‘+', absence by ‘~. The lower panel shows
inhibitor decreased sphere formation (0.01+0.0037004,  eypression of total MAPK (ERKL and ERK2), confirming equivalent
P<0.001,n=6) but this inhibitor had a much smaller, althoughjevels in the different lysates. (B-B) Staining of 14im cryostat

still significant, effect on cells grown in FGF (0.03+0.005, sections of floxe@1/wt (B,C) and floxe@1/null (D,E) neurospheres
R2=0.95, P<0.05, n=3). Inhibitors of PI3K (wortmannin, exposed to cre recombinase. Note that cells at the edge of the sphere
LY294002) or p38 MAPK (SB203580) had no effect on sphersstill express high levels @1 in the floxed31/wt sphere (C, arrow) in
formation (Fig. 7). A significant reduction was also observegontrast to the floxefil/null spheres (D,E). Note also that the

in separate experiments when the cells were exposed to anotﬁggat've controls (omitting the arftt antibody) show no staining
MAPK p42,44 pathway inhibitor, U0216 (EGF, 0.0510.021'( ata not shown). The weaker labelling in the center of the spheres

- "therefore most likely represents low level$tfexpression on more
EGF +U0126, 0.024+0.018=2, P<0.05), whereas the control differentiated and non-mitotic cells, which is also reduced in the

U0124 C.Or.“pound had no effect (Fig. .7)' The results with Fhﬂoxedﬁllnull neurospheres exposed to cre recombinase. The

PI3K inhibitors suggest that the reduction in sphere formatiofecrease i1 expression was confirmed in the neurosphere cells by

seen in the presence of MAPK inhibition does not simplyiow cytometry (F,G), which reveals a shift to the left (decrease) of

reflect perturbation of signalling pathways required forthepl levels in the floxe@1/null spheres (G) when compared with

proliferation and sphere formation, as the increasethe floxedBl/wt (F), following cre exposure. (H) Western blot of

proliferation seen in neurospheres derived from PT&Nice  lysates from floxe@1/wt (left) and floxedL/null (right)

demonstrates a role for PI3K in neural stem/precursor cefleurospheres showing the decreasglah the null cells (top lanes).

proliferation (Groszer et al., 2001). The middle panels show levels of actin, (_:onflrmlng e_qual loading,
whereas the lower panels show expressidhgdlactosidase, thus

B1 integrins activate MAPK in neural stem cells confirming excision of the floxed allele as discus;ed_in the text. M In

. . . . . . cre-exposed neurospheres, MAPK phosphorylation is considerably

Having established (1) th@t integrins are expressed at a hlghreduced in the floxef1/null (right) neurospheres, whereas total

level on neural stem cells, (2) that at least one extracellulgfiapk is maintained. After several passages, however, MAPK

ligand (laminina2 chain containing laminins) is present in the phosphorylation is the same in the flofsdwt (left) and floxed

stem cell-containing regions of the developing CNS, and (331/null (right) neurospheres (J). WT, flox@tl/wt; Null, floxed

that MAPK signalling is required for stem cell maintenancef1/null. Scale bar: 2Qm for B-E.
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we next investigated wheth@d integrin signalling activated in neurospheres, it is possible that upregulated growth factor

MAPK in neural stem cells. To do this, we used blockingsignalling via MAPK can compensate for the los3df To

antibodies and genetic techniques. For the blocking antibodgst this hypothesis we added the EGF receptor inhibitor

studies, we compared the intensity of the phosphorylatedG1478 to lo31/null and lo1l/wt neurospheres grown in

MAPK band in western blotting experiments with or withoutEGF and FGF after exposure to the adenoviral cre vector. We

a monoclonal anfl integrin-blocking antibody present in the predicted that this would expose upregulation of EGF

neurosphere culture medium. These experiments showedsmnalling in response to the lossfif, by revealing a greater

partial inhibition of the phosphorylation of MAPK in spheresdecrease in MAPK activation in tHil-excised cells than in

grown in both FGF2 and EGF (Fig. 8A), demonstrating a roleells expressing31l following EGF receptor inhibition. We

for B1 integrins in MAPK signalling. therefore established three neurosphere cell lines from different
For the genetic studies, we used cre/lox technology ttxB1/null and lo1/wt mice.

remove thg31 gene from neurosphere cells and determine the Each line was passaged at least ten times following cre-

effect on MAPK activation. This technology has been usednediated excision, by which time MAPK levels had returned

previously to excis@1 integrin efficiently from chondrocytes to the levels seen in thi-expressing spheres (Fig. 8J). After

(Iba et al., 2000). Mice containing a floxgd allele (Fassler an overnight exposure to the inhibitor, levels of total MAPK

and Meyer, 1995; Brakebusch et al., 2000) generated and phosphorylated MAPK (P-MAPK) were analysed by

homologous recombination were bred with heterozyddus western blotting (Fig. 9A,B). A marked decrease in P-MAPK

null mice to generate animals in which the second allele wasas observed in thBl-excised cells, in contrast to tiffd-

either B1l-null or wild type. Neurosphere cultures wereexpressing cells (Fig. 9A,B). Analysis of all six lines showed

prepared from these animals and grown in EGF and FGF2.significant reduction in the P-MAPK/total MAPK ratio in the

The spheres were dissociated, replated at a density of Pd-excised cells (1.05+£0.08 to 0.84+0.01 in the presence of

cellspul and exposed to an adenoviral vector expressing cr@G1478, P=0.005), but no significant reduction in ti34-

recombinase. Excision of the flox@d gene was confirmed expressing cells (1.22+0.15 to 1.23+0.22 in the presence of

by the activation of a reportéacZ gene inserted downstream AG1478), consistent with an increased dependence of MAPK

of theB1 allele, which is activated only following excision of activation on EGF signalling in thBl-deficient cells, and

the 1 sequence (Brakebusch et al., 2000; Potocnik et alsuggesting that upregulation of growth factor signalling

2000). Spheres derived from stem cells in which excisioontributes to the compensation for the loslointegrin. The

had occurred could be identified by the presenceB-of lack of viability and absence of any sphere formation when

galactocidase staining in all cells. The reductioflinntegrin  cells were grown at high dilutions in the presence of the EGF

following excision was confirmed in three ways. First,receptor inhibitor (Fig. 7D) prevents the comparison ofithe

neurospheres exposed to the adenoviral vector but not yexpressing angl-deficient cells grown in EGF required to

dissociated and replated were sectioned as above amadalyse whether this compensatory upregulation is associated

immunolabelled with ant1 antibodies. Second, lysates from with an increased dependence on EGF signalling for

treated and control spheres were used in western blottingaintenance. However maintenance in the presence of FGF2

experiments. Third, FACS analysis was performed to deteetas not altered by the addition of the inhibito3tb-excised

changes in the level @81 expression. As shown in Fig. 8, cells (data not shown), showing that self-renewal in response

following gene excision we observed a reductionfibh  to other growth factors was not reduced.

integrin immunolabelling around the edge of the spheres (Fig.

8B-E), a reduction ifg1-labelling levels in the FACS analysis

(Fig. 8F,G) and a reduction in the intensity of fieintegrin

band, as revealed by western blotting (Fig. 8H). Havin¢

confirmed the excision procedure, we next performed westel no

blotting experiments using antibodies against phosphorylate AG

MAPK. These showed a reduction in MAPK activation e — -’ MAPK

in primary neurospheres exposed to the cre-expressir B

adenovirus (Fig. 8l). However, subsequent passages pithe ‘ ]

excised spheres showed normal levels of activated MAPI “"-"'- ESMATK.

(Fig. 8J, Fig. 9), even though the presenc@-ghlactosidase AG - :

in these spheres and a shift to the left in the FACS analysis e | === MAPK

1 expression confirmed that these spheres derived from ce

in which gene excision had occurred (data not shown). We alsu

counted the number of neurospheres that formed when thegig. 9. (A) Western blot of lysates from floxgd/wt (right lane) and

cells were plated at low density. No differences were seen fitpxedB1/null (left two lanes) neurospheres after more than ten

the number of spheres in these assays, or when secondary 8a85ages, showing that MAPK is phosphorylated equally in both

subsequent passaging of the spheres was performed. t?“)’(‘éﬂ% 1(/?111?{\/(?;}8rrr:ekzjl?gscghl)é?:;e(stt:;og:#%)%gmrglsggg iﬁn,g)

re:g?)rzg%slgr;g? t}]h:ﬁ:cnk%ﬁe;;?];tgluests;?::gIg?feﬁtjﬁgfésﬁgﬁld e@posed to AG1478 (20M), an inhibitor of the EGF receptor. This

. . panel shows that MAPK phosphorylation is reduced to a greater
on the levels of activated MAPK. As the EGF receptor isyytent in the null spheres (floxg@d/null) than in the floxe@1/wt in

known to activate MAPK (Schlessinger, 2000) in neurakne presence of the inhibitor. AG, AG1478. WT represents floxed

stem cells (Learish et al., 2000), and because we observggiwt and Null represents floxgd/null spheres following exposure
reciprocity between the levels BL and EGF receptor (Fig. 5) to cre recombinase.

A Null Null WT

WS
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Discussion growth factor signals. Our results indicate a novel integrative
In the present work we have made the following principatole of MAPK that may be important in allowing populations
observations. First, laminins and fibronectin are expressed of stem cells to change behaviour during development and
different locations of the embryonic and postnatal germinatepair in response to changes in the growth factor environment,
neuroepithelium. The distribution of laminm2 present in  while at the same time allowing individual stem cells to be fine
laminins 2, 4 and 12 corresponds to the region immediatetyned by their immediate microenvironment. Such signalling
adjacent to the ventricle (the ventricular and subventriculamechanisms with the potential for compensation between
zones) containing the neural stem cells. Secphdntegrin is  integrin and growth factor signalling pathways may also be
also highly expressed by cells in the ventricular region of theperative in other stem cell types; for example, studies of
embryonic CNS, and by a subpopulation of cells in this regiohaematopoietic stem cells in mice chimeric fdr null cells
of the postnatal CNS. Third, we have demonstrated a threshow tha3l integrin is not required for stem cell maintenance,
dimensional architecture of neurospheres with cells expressifmit is necessary for the homing of these cells to the liver
nestin and the EGF receptor, both molecules present in neu(ilirsch et al., 1996).
stem cells, being found at the outside edge of the sphere. BothThe conclusion thaBl integrins regulate neural stem cell
laminina2 andBl integrin are highly expressed by cells in thisbehaviour within the CNS niche leads us to question the nature
region, with other ECM molecules present within the spheref the ligands recognised by these integrins. One important
rather than around the edge. Fourth, neurosphere celisoup of candidates are the laminins, which are recognised by
expressing higher levels @31 can be selected by FACS at least foul integrins,a1p1, a3p1, a6pf1 anda7B1. a6B1
and will generate relatively more neurospheres than cellsxpression has previously been shown in other stem cell
expressing lower levels of the integrin, so demonstratingystems (Shinohara et al., 1999, Xu et al., 2001), and in RT-
stem cell properties. Fifth, we have shown, by using?CR experiments we have found all four alpha subunits to be
pharmacological inhibitors, that MAPK is required for neuralexpressed in neural stem cells (J. Moore and C.ff.-C.,
stem cell self-renewal, as assessed by neurosphere generatiompublished). Laminins are expressed from the earliest stages
Finally, we have shown by antibody-blocking and genetiof development, and have been shown to maintain human ES
techniques thatBl integrin signalling activates MAPK, cells in an undifferentiated state (Xu et al., 2001). Proximity
although the reduction observed in the blocking experiments t® a basement membrane is a feature of epithelial and germ cell
not sustained and is associated with a compensatory increagehes, and transplantation experiments using reconstitution of
in growth factor signalling. Together these results indicate agspermatogenesis as an assay reveal that stem cells can be
important role forB1l integrin/extracellular matrix molecule enriched from testis cell populations by selecting either for
interactions in the regulation of neural stem behaviour. laminin binding or for expression @fl ora6 integrin subunits

How mightB1/ECM interactions affect stem cell behaviour? (Shinohara et al., 1999). In this paper, we have described the
Increased adhesion to niche ECM components could ensuegpression of the laminim2 chain in the developing germinal
that the cell is held in the niche and so exposed to otheione and also around the edge of the neurospheres in the
extracellular cues that instruct stem cell maintenance. Omegions containing the stem cell populations. Laminins
example of such extracellular cues is provided by the&ontaining this chain therefore provide a poterfiialintegrin
Drosophilaprotein Upd, which is secreted by hub cells in theligand for neural stem cells that is likely, by analogy with the
testis and contributes to the maintenance of germline stem celS cell and spermatogonial stem cell systems, to play a role in
by activation of the JAK/STAT signalling pathway (Kiger et the control of neural stem cell behaviour. Furthermore, changes
al., 2001). Upd binds to the extracellular matrix (Harrison etn the expression levels of lamina® provide an additional
al., 1998) and previous studies using embryonic mosaics taechanism for the regulation of neural stem cell behaviour. We
examine the role of Upd in segmentation have noteduipit observe a decline in laminin2 expression in the postnatal
mutant cells could behave normally only when immediatelbrain that may play an instructive role in the reduced level of
adjacent to wild-type cells (Gergen and Wieschaus, 1986proliferation within the germinal neuroepithelium at that time,
suggesting a limited range of diffusion as a result of tetherings laminin can increase the proliferation of neuroepithelial cells
to the matrix. Within the testis germ cell niche, the matrix(Drago et al., 1991a). Equally, the increase in laminin chain
could limit the range of Upd diffusion from the hub cell MRNAs seen within neuroepithelial cells exposed to bFGF
ensuring that only adjacent germline stem cells held in thmay contribute to the mitogenic effects of the growth factor
niche by appropriate adhesion molecules respond to this signéDrago et al., 1991a; Drago et al., 1991b).

In addition to a role in simply holding the stem cells within  The importance of extrinsic signals in the regulation of stem
a niche, our results point to a direct signalling role far cell behaviour is emphasized by the argument that, “rather
integrins in neural stem cell regulation, as we have shown th#ttan referring to a discrete cellular entity, a stem cell most
self-renewal, or maintenance, in neural stem cells is partlsiccurately refers to a biological function” (Blau et al., 2001).
regulated by31 integrins and growth factors through a MAPK Our results point to a complex interplay between integrin and
signalling pathway. A similar role for MAPK in stem cell growth factor signals in the germinal neuroepithelium being
maintenance has previously been described in humamportant regulators of this function, with MAPK being a key
epidermal stem cells (Zhu et al., 1999). The interactionntegrative signalling molecule. For future studies examining
between integrin and growth factor signalling, well describedhe developmental significance and therapeutic potential of
in other cell types (Lee and Streuli, 1999; Renshaw et al., 199fhese interactions, our work highlights the value of the
Byzova et al., 2000; Yamada and Even-Ram, 2002), providemalysis of neurosphere structure. The morphological
a mechanism by which neural stem cell behaviour can baebservations described above suggest that neurospheres
regulated by local ECM molecules, as well as by longer ranggerived from postnatal brains can be used as a model for the
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developing (midgestation) neuroepithelium. These spheresBrakebusch, C., Fassler, R. and Wewer, U. M2000). The cysteine-rich
develop a three-dimensional structure that is remarkably domain of human ADAM 12 supports cell adhesion through syndecans and

imi ; it iotri ; triggers signaling events that lead to betal integrin-dependent cell spreading.
similar in ECM composition and distribution of cellular 3. Coll Biol. 149 1143-1156,

phenotypes to the_ developing CN_S' In parti_CU|ar the _edge ggcques, T. S., Relvas, J. B., Nishimura, S., Pytela, R., Edwards, G. M.,
the neurosphere is a_CompleX nlChe,_ easily accessible andsireuli, C. H. and ffrench-Constant, C.(1998). Neural precursor cell chain
amenable to acute biochemical manipulation and analysismigration and division are regulated through different betal integrins.

using inhibitors and blocking antibodies that will greatly Developmeni2s 3167-3177. _ S
facilitate further work. Jensen, U. B., Lowell, S. and Watt, F. M(1999). The spatial relationship

between stem cells and their progeny in the basal layer of human epidermis:

. . . . a new view based on whole-mount labelling and lineage analysis.
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