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Summary

Embryonic neural progenitors isolated from the mouse (BGA) reduced, in a concentration-dependent manner, the
striatal germinal zone grow in vitro as floating cell viability of undifferentiated neural progenitor cells. This
aggregates called neurospheres, which, upon adhesion, can effect appeared to be specific, inasmuch as it was reversible
be induced to differentiate into the three main cell types of and that cell survival was not affected in the presence of
the central nervous system (CNS), that is, astrocytes, the inactive analog glycyrrhyzic acid. Addition of BGA to
neurons and oligodendrocytes. To study the possible role adherent neurospheres also decreased cell density and
of connexins and junctional communication during altered the morphology of differentiated cells. Cx43
differentiation of neural progenitors, we assessed cell-to- was strongly expressed in either undifferentiated or
cell communication by microinjecting Lucifer Yellow into  differentiated neurospheres, where it was found both
neurospheres at various times after adhesion. Cells located within the sphere and in astrocytes, the two cell populations
in neurospheres were strongly coupled, regardless of the that were dye coupled. Western blot analysis further
differentiation time. Microinjections performed on the cell  showed that Cx43 phosphorylation was strongly increased
layers formed by differentiated cells migrating out of the in adherent neurospheres, suggesting a post-translational
neurosphere established that only astrocytes were coupled. regulation during differentiation. These results point to a
These observations suggest the existence of at leastmajor role of cell-to-cell communication and Cx43 during
three distinct communication compartments: coupled the differentiation of neural progenitor cells in vitro.
proliferating cells located in the sphere, uncoupled cells

undergoing neuronal or oligodendrocytic differentiation

and coupled differentiating astrocytes. A blockade of Key words: Astrocyte, CNS, Connexin, Gap junction, Neuron,
junctional communication by 18{3-glycyrrhetinic acid Oligodendrocyte

Introduction communication seems particularly well suited to respond to the
Connexins are a multigenic family of proteins that can bdnstructive cues operating during CNS development (Kandler
distinguished on the basis of their molecular weight. Spand Katz, 1995; Nadarajah et al., 1997; Naus and Bani-
oligomerized connexins form a hemichannel (or connexonyaghoub, 1998). Thus, in vivo studies have shown that, in the
that can bind to another hemichannel present in the membra#leveloping neocortex, neuroblasts and proliferating cells
of an adjacent cell, resulting in a complete intercellulatocated in the ventricular zone are coupled, whereas
channel. These channels, which accumulate at specifiifferentiating or migrating neurons are not (LoTurco and
membrane areas defined as gap junctions, allow cells to shdsgegstein, 1991; Bittman et al., 1997). Evidence for coupling
small molecules (<1 kDa) such as metabolites and ions. Suégrritories has also been obtained in other areas of
an exchange of signals (or intercellular coupling) has beeneurogenesis, such as the subventricular zone and rostral
implicated in various cellular mechanisms, including ionicmigratory stream (Miragall et al., 1997; Menezes et al., 2000).
homeostasis, electrical synchronization, proliferation andFurthermore, there is an inverse correlation between the
migration (Bruzzone et al., 1996; Kumar and Gilula, 1996). expression of connexin43 (Cx43) and Cx26, and cell
Connexins are expressed in the three main cell types gfoliferation (Miragall et al., 1997; Bittman and LoTurco,

the central nervous system (CNS), that is, astrocyted,999), suggesting that coupling and cell cycle of neural
oligodendrocytes and neurons. Increasing evidence suggegt®genitors may be interdependent.

that connexins regulate different aspects of neuronal networks Studies in vitro have shown that Cx43 expression and
and neuron-glia interactions, in both the developing andoupling are downregulated as differentiation proceeds in
mature brain (for a review, see Dermietzel and Spray, 1998&ither immortalized rodent neuroblasts (Rozental et al., 1998)
This would require the establishment of communicatioror cell lines derived from rat peripheral neurotumoral cells
compartments that isolate groups of coupled cells engaged (Ponahue at al., 1998). In a human teratocarcinoma cell line
a coordinated activity from other populations that participateonsisting of precursors able to differentiate into post-mitotic
in distinct processes. Such a dynamic regulation of cell-cehieurons, Cx43 protein expression is decreased after neuronal
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differentiation, and a pharmacological blockade of gapPreparation, growth and differentiation of neurospheres

junctions antagonizes the acquisition of the neuronabregnant C57BL/6J mice at a gestational age of 14.5 to 15 days were
phenotype (Bani-Yaghoub et al., 1999a; Bani-Yaghoub et alkjlled by cervical dislocation, and embryos were transferred in Petri
1999b). Taken together, these observations strongly suggetthes containing ice-cooled HBSS (Hanks balanced solution without
that, on the one hand, Cx43 plays a role in mediating@* and Mg@"). Striata were dissected from the embryos and
intercellular coupling during proliferation of neural precursorsmechanically dissociated as previously described (Reynolds et al.,
and, on the other hand, a downregulation of coupling and Cx 92: Ben-Hur et_al., 19980). The viability of the_ snnglg cell suspension
expression occurs with cell differentiation. was assessed using a 0.4% Trypan blue solution (Gibco-BRL). Viable

T in insiaht into th le of . d iuncti IceIIs were seeded at a concentration ranging frontd ®.5¢<10°
0 -gain nsignt Into the roleé of connexins and Junclionaiee)is/m| in uncoated T75 tissue culture flasks. Culture medium

communication during the early steps of CNS differentiation, Wenereafter referred to as standard medium) consisted of DMEM-F12
have taken advantage of a primary culture of neural progenit@upplemented with B27 (1/50 dilution) and contained 0.524 mg/ml
cells (Reynolds and Weiss, 1992; Reynolds et al., 1992). Thesgbilized glutamine, 50 U/ml penicillin, §6/ml streptomycin and
cells have the ability to self-renew in the presence of epidermab ng/ml human recombinant EGF. Cells were cultured at 37°C in a
growth factor (EGF) (Reynolds and Weiss, 1996) and basigumidified atmosphere of 90%Q0%CQ, and fresh EGF was added
fibroblast growth factor (Ciccolini and Svensden, 1998), forminggvery two days for the first 8 days, during which progenitors grew into
spheric cell aggregates called neurospheres. Moreover, up ting neurosphe_res. Subsequently, two thirds of the culture medium
removal of growth factors and adhesion onto a coated suppofas replaced twice a week. Neurospheres were passaged by
cells migrate out of the sphere and form layers of differentiate@éntrlfugatlon at 20@ for 5 minutes; the pellet was resuspended in

. e third of the final volume, gently dissociated by pipetting and
neurons, astrocytes and oligodendrocytes. Neurospheres Cantr@tﬁsferred into flasks containing two thirds of the volume of fresh

regarded, therefore, as a simplified in vitro model of CNSnegium, Each neurosphere preparation was kept in culture up to a
differentiation. Finally, neural progenitors expanded in vitro cannaximum of one month, which corresponded to four cell passages.
be grafted into the brain of recipient animals and have been Differentiation of neural progenitors was induced by transferring
shown to differentiate in vivo (Svensden et al., 1996; Vescovi dloating neurospheres to an adhesive support and withdrawing EGF
al., 1999; Temple, 2001). It is not known whether multipotenfrom standard medium. Briefly, glass coverslips, plastic flasks and
neural progenitor cells need to be coupled and whether coupliftgtri dishes were coated successively with pelysine (10ug/mlin
territories are modulated during cell differentiation. To addres¥ater) and fibronectin (10g/ml in PBS). An average of 10 floating

these issues, we have isolated neural progenitors from the mo%fjfshi{ﬁfezegggazg)niir:uglf’ljréovsgés t(roa”nesf%?rs;g%;) ggd up to

eml:_)ryon_lc striatal ventrlc_:ular zone (SVZ) and founq .thastandard culture medium onto freshly coated coverslips. For the large
prollferatlng cells Iocateq in adherent neurospheres eXh'b'tecjs%ale preparation of adherent neurospheres needed for biochemical
strong intercellular coupling. By contrast, only astrocytes wergnaysis, floating neurospheres were collected by centrifugation (5
coupled among the outgrowth of differentiating and migratingninutes at 20@), resuspended in 2 ml culture medium and transferred
cells. In addition, we found that the two cell populations thabnto coated plasticware. Neurospheres were incubated for 2 hours to
were coupled expressed Cx43, which became predominanthyjitiate cell adhesion, and culture medium without EGF was gently
phosphorylated after differentiation. Finally, treatment ofadded. Unless otherwise mentioned, adherent neurospheres were
neurospheres with the gap junction inhibitor3tglycyrrhetinic  cultured for 8 days, during which medium was changed (half the
acid BGA), strongly reduced the viability of both proliferating volume) twice.

and differentiating neural cells. These observations demonstrate

that junctional coupling is widespread among CNS progenitorsye coupling experiments

and substantiate the hypothesis for an active role of Cx4gye incidence of cell-cell communication was assessed by
and intercellular communication during proliferation andmicroinjecting the membrane-impermeant tracer Lucifer Yellow (LY:
differentiation of neural progenitors. M 443) into single cells located in different areas of neurospheres that
had been adherent for the specified times. Just before injections,
neurospheres that were adherent to coated glass coverslips were
. transferred onto the heated (37°C) stage of an inverted microscope
Materials and Methods (Zeiss IM35), and 10 mM Hepes was added to the culture medium.
Reagents Electrodes were pulled to a resistance of 50-&D amd filled with
The tissue culture medium consisted of DMEM-F12 (BioMedia,a 4% solution of LY in 1 M LiCl. Following the impalement of
Boussens, France), supplemented with B27 (Gibco-BRL, Eragnyndividual cells, the tracer was injected by iontophoresis, applying
France). Human recombinant epidermal growth factor (EGF)square pulses of 0.1 nA amplitude, 900 msecond duration and 0.5 Hz
penicillin,  streptomycin,  polp-lysine, fibronectin, 1§-  frequency for 5 minutes. Each injection site was photographed with
glycyrrhetinic  acid  BGA),  glycyrrhyzic acid  (GZA), Ektachrome 400 daylight film (Kodak, Rochester, NY) under phase
bromodeoxyuridine (BrdU), and 3-(4,5-dimethylthiazol-2-yl)-2,5- contrast and epifluorescence illumination, using appropriate filters,
diphenyl tetrazolium bromide (MTT) were from Sigma (St. Louis, before and/or after pulling out the electrode. Coupling was defined as
MO). Plasticware and tissue culture flasks were from Costary diffusion from the injected cell to at least one adjacent cell.
(Cambridge, MA) or Falcon (Plymouth, UK). Equipment for Microinjected neurospheres were fixed in 4% paraformaldehyde for
electrophoresis was from Bio-Rad Laboratories (Richmond, CA)30 minutes at room temperature, rinsed three times in phosphate-
Calf intestinal alkaline phosphatase was from Roche Moleculapuffered saline (PBS) and stored at 4°C for subsequent
Biochemicals (Meylan, France); Trasylol® was from Bayer-Francammunocytochemical analysis (see below).
(Puteaux, France). The micro BCA protein assay and the SuperSignal
West chemiluminescent substrate kits were obtained from Pierce ) )
(Rockford, IL). Mice were purchased from IFFA-CREDO (Lyon, Uncoupling experiments
France) and killed in accordance with the currently approvedingle cell suspensions X80 cells/ml) of striatal progenitors in
guidelines for animal handling. standard culture medium were aliquotted in 1.5 ml tubes containing
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either the gap junction inhibit@GA (Davidson et al., 1986) or its Immunocytochemistry
inactive analog GZA at the specified final concentrations. Becausgloating neurospheres were fixed 4 hours at 4°C in 2%

of their lipophilic nature, both drugs were dissolved in a mixture ofyaraformaldehyde in PBS, washed in PBS, incubated overnight at 4°C
dimethyl sulfoxide (DMSO) and ethanol (3:2, vol:vol), pre-warmedin a 15% sucrose solution and eventually embedded in a drop of
at 37°C and mixed by vortexing before addition to the medium (finatissue-Tek compound (Miles Scientific, Naperville, IL). Specimens
concentrations of DMSO and ethanol did not exceed 0.1%). SolveRjere immediately frozen on dry ice and stored at —20°C until frozen
alone was added to control cultures. 10®f cell suspension per sections, cut at the 10m setting of a CM-3000 cryostat (Leica,
well was distributed in 96-well plates (eight wells/condition), andNussloch, Germany), were collected on coated slides and processed
cell viability was measured three days later, in the absence of anyr immunocytochemistry. Adherent cells were fixed in 4%
medium change. Reversibility was assessed on floating neurosphefegaformaldehyde, rinsed repeatedly in PBS and incubated with
at the end of the 3 day incubation by adding two volumes of fresgrimary and secondary antibodies as indicated below. For Cx43
standard culture medium. Four days after dilution of the drugSapeling, cells were fixed in 2% paraformaldehyde, then washed and

neurospheres were examined with an inverted microscope amgérmeabilized with 0.1% Triton X-100 in blocking solution for 30
photographs were taken for each condition. To assess cell viabilipginutes.

on adherent cells, floating neurospheres expanded in culture for 10A]l samples were incubated overnight at 4°C in a humidified

days were spun at 2@pfor 5 minutes, dissociated as a single cell chamber with primary antibodies diluted in blocking solution (PBS
suspension and eventually aliquotedX@ cells/ml) into 96-well  supplemented with 5% normal goat serum and 5% normal donkey
plates that had been previously coated with melysine and  serum), rinsed repeatedly in PBS and then stained for 30 minutes at
fibronectin. For long-term treatment of adherent neurospheregsgom temperature with the cognate secondary antibodies diluted in
0.25% serum albumin (BSA) was added to the culture medium tgjocking solution. Triple immunolabeling was carried out using
avoid the toxic effects of DMSO. Adherent neurospheres wergrimary mouse antibodies of the IgM and IgG classes and a rabbit
cultured for eight days, during whifiGA (S0uM) and DMSO were  antibody, as previously described (McKinnon et al., 1990; Ben-Hur et
added every two days, and half the medium was replaced with freghh | 1998). After several washes in PBS, immunostained cells were
medium every three days. To test whether the uncoupling agent hageserved in Vectashield mounting medium (Vector Laboratories, Inc.,
an effect on differentiated cells, neurospheres were first cultured f@gurlingame, CA). The specificity of the immunofluorescent staining
3 days under control conditions, to allow differentiation of neurakyas assessed for each experimental condition by performing the first
progenitor cells, before addifif>A (50 uM) for the next 5 days, as incubation in the absence of primary antibodies. No staining was
described above. observed under such conditions.

Photographs were taken with a Leica microcope (DMRB model)
. . - equipped with a Coolsnap camera system (Princeton Instruments,
Cell proliferation and viability assays Evry, France), stored on a PC and processed with Photoshop 5.5
Adherent neurospheres were incubated for 24 hours in the presengsitware (Adobe Systems, San Jose, CA). Confocal microscopy was
of 10 uM BrdU, fixed for 30 minutes at room temperature in performed using an Axiovert LSM 510 microscope (Zeiss, Jena,
ethanol/acetic acid (95%/5%, vol/vol) and then processed foermany) equipped with 631.4 NA and 108 1.4 NA objective
immunostaining with a mouse IgG1 antibody (1/50; Bectonjenses and three separate laser beams. Samples were labeled with
Dickinson, San Jose, CA), as described elsewhere (Ben-Hur et aflyorescein (FITC)- and/or rhodamine (TRITC)-conjugated secondary
1998). Viable cells in either floating or adherent neurospheres wetghtibodies. Double-labeled samples were analyzed either
quantified colorimetrically by the MTT assay, in which the simultaneously or sequentially. In either case, FITC was excited by
tetrazolium salt is cleaved in the mitochondria of metabolicallythe blue beam and detected through an interferential narrow band filter
active cells to form a precipitable formazan dye (Mosmann, 1983)Bp 505-550 nm), whereas TRITC was excited by the red beam and

MTT was added at a final concentration ofig/ml to each well  detected through a long pass filter (LP 650 nm).
for 4 hours at 37°C, and precipitates were solubilized in MTT

dissolving buffer (100ul/well). Plates were first incubated 5 ) )
minutes at 37°C, followed by a 10 minute period at roomVWestern blotting and dephosphorylation assay
temperature on a shaking stage to allow color developmenBrotein extracts were prepared in a lysis buffer containing 50 mM
Differences in optical densities between 570 nm and 630 nm wefgaCl, 50 mM Tris-HCI (pH 8), 0.1% SDS, 1% NP-40, 0.5%
measured spectrophotometrically. deoxycholate, supplemented with 1§ each chymostatin, leupeptin
and pepstatin and 10 KU/ml Trasylol. Neurospheres were solubilized
o in 2 ml lysis buffer (for either a pellet of floating neurospheres or
Antibodies neurospheres adherent to a T75 flask) by repeated aspiration (20
Differentiating oligodendrocytes were detected with the O4 mousémes) through a 23-gauge needle. Crude extracts were centrifuged at
monoclonal antibody (IgM 1:20; a kind gift from Susan Barnett,4°C for 30 minutes at 10,0@f) and supernatants were then submitted
Glasgow, Scotland). Neurons were identified with Tujl, a mouseéo protein quantification using the Micro BCA protein assay Kit,
IgG2a antibody raised against the neuron spe@#fitubulin (1:500; according to the manufacturer's recommendations. Equal amounts of
Babco, Richmond, CA). Astrocytes were labeled with either aotal protein were incubated overnight at 37°C in the presence of 100
rabbit polyclonal (1/200; DAKO, Glostrup, Denmark) or a mouseunits of calf intestinal alkaline phosphatase. Control reactions were
monoclonal IgG1 (1:100; Chemicon, Temecula, CA) antibody raisedarried out with phosphatase buffer only or in the presence of
against glial fibrillary acidic protein (GFAP). A mouse monoclonal phosphatase inhibitors (2 mg/ml Na-orthovanadate, 10 mM EDTA
IgG1 and a rabbit polyclonal IgG against Cx43 (both from Zymedand 10 mM P@), as previously described (Musil et al., 1990a).
San Francisco, CA) were employed for immunocytochemistry (at &amples were quenched by addition of gel loading buffer (0.025 M
dilution of 1:250 and 1:500, respectively) and western blotting (at dris pH 6.8, 0.5% SDS, 1% -mercaptoethanol, 0.025% bromophenol
dilution of 1:3,000). Fluorescein-conjugated goat anti-mouse Ig@lue, 17.5% glycerol) and aliquots were loaded on a 12.5%
and anti-rabbit 1gG, rhodamine-conjugated goat anti-mouse IgQ(olyacrylamide SDS-gel. After separation, proteins were transferred
biotin-conjugated anti-rabbit 1gG and streptavidin-7-amino-4-to nitrocellulose membranes (Protran; Schleicher & Schuell, Keene,
methylcoumarin-3-acetic acid (AMCA)-conjugated donkey anti-NH). Membranes were saturated for 30 minutes in PBS containing
rabbit IgG were purchased from Jackson ImmunoResearch% non-fat dried milk and 0.1% Tween and subsequently incubated
Laboratories (West Grove, PA). overnight with either the monoclonal or polyclonal anti-Cx43
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Fig. 1. Adherent neuropsheres form layers of
migrating cells. Phase-contrast micrographs show
that, 30 minutes after adhesion of neurospheres on
coated coverslips (A), few cells have started to
migrate out of the sphere. 24 hours after adhesion
(B), outgrowing cells formed layers (arrow)
surrounding the sphere (dotted circle). After 7 days
(C), the number of cells decreased in the sphere
(dotted circle), which was flattened, and increased i
the outgrowth. Bar, 150m (A); 300um (B,C).

antibody (Zymed) diluted 1:3,000 in saturation buffer. After extensiveestablished that all the communicating cells of the outgrowth
washes in PBS containing 0.1% Tween, membranes were probed fgiere astrocytes. Thus, in differentiating neurospheres,
1 hour with the corresponding horseradish-peroxidase-conjugategstrocytes form coupled clusters of migrating and
segg_?diriloagggodiets (Chemicfg)o%i(')‘;teq in jatura_\tio_n té“l?ffser_l_(""n“differentiating cells, which communicate exclusively among
rabbit: 1:10,000; anti-mouse: 1:5, , rinsed again in -Twee, - o : : s
and revealed with the SuperSignal West chemiluminescent substra{baemselves- Differentiating oligodendrocytes, identified as
kit, according to the manufacturer’s instructions. The time of
incubation in ECL detection reagents and exposure (typically :
minute) to Hyperfilm (Amersham-Pharmacia, Buckinghamshire, UK
were identical for all experimental conditions.

Results
Dye coupling in neurospheres

LY was microinjected either into the center of the neurospher
or into the layers composed of migrating cells (Fig. 1), using
neurospheres that had been adhering for times ranging betwe
45 minutes and 23 days (Table 1). At each adhesion tim
strong coupling was detected between the cells located in tl
sphere (Table 1), so that microinjection of LY resulted in the
rapid transfer of the tracer to at least 20 neighboring cells (Fit
2A). By contrast, only 36 out of the 68 cells that were
microinjected in the sphere outgrowth were coupled. Thes
migrating cells were identified according to their morphology
and/or their immunocytochemical labeling (Figs 2 and 3). Ot
the basis of their diamond-shaped cell body (Fig. 2B) an
expression of the cytoskeletal protein GFAP (Fig. 3), we

Table 1. Cell coupling in neurospheres

Adhesion time

45 min
Injection site to 3days 4-8days 16-23 days
Neurosphere +(25) + (3) + (4)
Outgrowth of the  Astrocyte +(8) + (14) +(14)
neurosphere Neuron -(2) -(9) - (6)
Oligodendrocyte -(2) -(4) -9

Floating neuropsheres were transferred to coated coverslips and, after th ig. 2. Dye_ °°“p"F‘9.'S present between cells in the neurosphere and
indicated adhesion times, individual cells were microinjected with Lucifer e,twe,e,n dlfferent.latlng astroc;ytgs. Lgufer Yellow (LY) was
Yellow (LY) in two distinct sites: the neurosphere, containing round microinjected by iontophoresis into single cells. Fluorescence
progenitor and precursor cells, and the layers composed of the outgrowth ofmicrographs were taken 5 minutes after injection; insets show the
differentiated cells, which were identified according to morphology and/or  corresponding phase-contrast views of the same fields. Dye coupling
immunocytochemistry. The plus sign denotes the presence of cell coupling was strong between cells located in the neurosphere center (A) and
(i.e., LY diffusion from the injected cell to at least an adjacent one); the minugetween cells identified as astrocytes (B). By contrast, no LY
sign indicates the absence of LY diffusion. The number of microinjections is jiffysion to adjacent cells was observed when an oligodendrocyte
indicated in parentheses. (C) or a neuron (D) was microinjected. Bar,if.
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Fig. 3.Identification of coupled astrocytes. After microinjection Fig. 4.Cell proliferation in adherent neurospheres. Neurospheres
experiments, neurospheres were fixed and labeled as indicated in tff¢ere allowed to adhere for 7 days and then incubated for 24 hours in
Materials and Methods. A typical cluster of dye-coupled cells the presence of 6M BrdU. Cells were fixed and processed for
(green) showed positive staining for the astrocytic protein GFAP ~ double-labeling with anti-BrdU (green) and anti-GFAP (red)

(red). Bar, 2Qum. antibodies. Note that most BrdU-positive cells were concentrated

within the sphere, whereas only a few of them were found in the
. . . . outgrowth. Bar, 10Qum.
multipolar cells (Fig. 2C) that expressed the antigen recognized

by the monoclonal antibody O4, did not exhibit LY diffusion

to adjacent cells. Microinjections performed after 16-23 daysonsisted of a mixed population of undifferentiated neural
of adhesion (Table 1), at which time mature oligodendrocytegrogenitors and neural precursor cells committed to a specific
synthesize myelin basic protein (data not shown), confirmedell type of which they do not yet express the morphological
that these cells were still uncoupled. Similarly, LY remainedand immunocytochemical markers. For the sake of clarity,
within injected neurons, which were identified as bipolar cellsve hereafter refer to these two populations of proliferating
with a small cell body and thin processes (Fig. 2D), expressingells as neural progenitor cells. By contrast, cell layers
[33-tubulin. are composed of differentiated, mainly non-proliferating

cells.

Cell proliferation in neurospheres

To determine whether neurospheres maintained the potentiaffect of 18-B-glycyrrhetinic acid (BGA) on neural

to proliferate following removal of growth factors and Progenitor cells

adhesion, adherent neurospheres were incubated for 24 holis assess whether junctional coupling was involved in the
in the presence of 1@M BrdU and then processed for growth of neural progenitors, floating neurospheres were
immunostaining. After 7 days of adhesion, proliferating cellancubated in the presence of increasing concentrations of
were concentrated in the neurosphere, whereas only scattefg@A. The size of neurospheres was drastically reduced by
BrdU-positive cells were observed in the outgrowth formeGA (Fig. 5C,D), in comparison with cultures exposed to
by migrating cells (Fig. 4). Similar observations were madequal concentrations of the inactive analog glycyrrhyzic acid
when spheres had been adherent for only 45 minutes af@ZA) (Fig. 5A,B), solvent (DMSO/ethanol) alone or mock-
were composed of neural progenitor cells expressing nestitreated in standard medium (data not shown). To verify the
an intermediate filament protein of neuroepithelial stem cellspecificity of theBGA effect, we tested its reversibility by
(data not shown). Thus, cells within the borders of spherdacubating floating neurospheres for an additional 4 day

Fig. 5. A blockade of gap

junctions decreases the viability

of neural progenitors. Single cell
suspensions of striatal progenitors
were grown for 3 days in the E
presence of either the uncoupling =.
agent 183-glycyrrhetinic acid lg
(BGA) or its inactive analog
glycyrrhyzic acid (GZA). The

size of neurospheres was reduced
by BGA (C,D) in comparison

with that of GZA-treated ones

(A,B). This effect was reversible
(rev), as the size of floating E
neurospheres pre-treated with g-
BGA (G-H) was similar to that of 1
GZA-treated cultures (E-F)

following an additional 4 day
recovery period, as described in

the Materials and Methods. Bar,
300uM (A-D); 780 uM (E-H).
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DMSO 50uM BGA

3 days after adhesion

Fig. 6. The uncoupling agefdGA
perturbs the morphology of
differentiating cells. Floating
neurospheres were allowed to
differentiate either in the presence of
BGA or DMSO, which was used as 4
solvent of the drug. Both the density ==
and morphology of cells migrating U
out of the spheres were altered by
BGA (E-H), whereas DMSO alone
(A-D) had no effect. Astrocytes were
thinner and elongated (F), and
oligodendrocytes (G) exhibited
reduced cell arborizations compared
with cells grown in the presence of
DMSO (B,C, respectively). Neurons
(H) were mainly round and devoid of
processes. In a series of independent
experimentsBGA was added after
neurospheres had been allowed to
adhere for three days and had formed,
an outgrowth of differentiated cells(I-
L). Under these condition8GA did
not alter either the morphology or the
viability of the three cell types. Bar,
80um (A-C, E-G, I-K); 25um

(D,H,L).

04

1mn

B3 tubul

period in standard culture medium without any drugs. At th®MSO-treated cells. Thus, GFAP-positive cells displayed
end of this period, neurospheres pre-treated witnM%nd  thin, elongated processes (compare Fig. 6B with F), whereas
50 uM BGA (Fig. 5G,H) recovered to a size similar to thatoligodendrocytes were less branched (compare Fig. 6D with
of spheres incubated with either GZA (Fig. 5E,F) or solvenG), andp3-tubulin-positive neurons appeared as round cells
(data not shown), suggesting that progenitors temporarilwith few processes (compare Fig. 6D with 6H). Furthermore,
exposed t@GA could still proliferate as untreated cells. By treatment of neurospheres with 5@l carbenoxolone, another
contrast, cells incubated in the presence of {MIBGA, but  uncoupling agent (Rozental et al., 2001), induced
not with the same concentration of GZA, were unable tanodifications of both cell density and morphology that were
grow and form neurospheres even after removal of theomparable to those observed wgBA (data not shown).
uncoupling drug (data not shown). Thus, in all otheBy contrast, these alterations were not observed when
experiments,GA was added at the maximally effective neurospheres were allowed to differentiate before being
concentration of 5QM. exposed to the same concentration (B0) of either BGA

To assess whether junctional coupling was involved in théFig. 61-L) or carbenoxolone (data not shown). Taken together,
differentiation of neural progenitors, adherent neurospheresur results suggest that the effects on the growth and
were incubated for 8 days in the presence ofubDBGA. differentiation of neural progenitor cells are specifically due
Under these conditions, both cell density and morphologicéb disruption of junctional coupling.
features of migrating cells were greatly perturbed (Fig. 6E-H) Because3GA reduced cell numbers in both floating and
when compared with DMSO-treated cultures (Fig. 6A-D),adherent neurospheres, we quantified cell viability following
which were indistinguishable from mock-treated cells (data 3 day incubation in the presence of certain drugs (Fig. 7).
not shown). Although a majority of cells were still able toBGA caused a dose-dependent and statistically significant
acquire antigenic determinants of either the astrocyticdecrease in the number of viable cells, in both floating and
neuronal or oligodendrocytic phenotype, they also exhibiteddherent neurospheres (Fig. 7). By contrast, neither the
strikingly different features compared with mock- andsolvent DMSO/ethanol nor the inactive analog GZA modified
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B control - GZA
DE B pcA

120 - A
90 A
*
60
*
30 A Fi .
— ig. 8. Neural progenitors and
e differentiated astrocytes expres
E‘ 0 Cx43. Single cell suspensions
L I | f striatal progenitors were
(@) 0 prog
O 25 UM 50 uM expanded for 10 days in the
b presence of EGF to form
O 120- B floating neurospheres, which
O\c> * were fixed, sectioned and
90 J immunolabeled with a
* monoclonal antibody raised
against Cx43 (B). The image
60 | corresponds to the merging of
10 planes acquired by confocal
30 microscopy. Virtually all cells
i in the neurosphere were
positive for Cx43. The
0- corresponding Nomarski view
| J 1 J is shown in A. Bar, 75m.
25 UM 50 uM (C) Neurospheres were allowed
. I ) to differentiate for 8 days and
Fig. 7. BGA alters the viability of both neural progenitors and were double-labeled with a

differentiating cells. Viable cells of either floating (A) or adherent olyclonal antibody against
(B) neurospheres were quantified colorimetrically by the MTT assay?;x43 (red) and a monoclonal
(see Materials and Methods) following three days in the presence Ofantibody anti-GFAP (green).
the specified drugs. Data were normalized to the values measured ~y43 was detected in GFAP-
under control conditions. The gap junction inhibB&A caused a positive cells. Bar, 1am.
significant reduction of cell viability at all concentrations tested,

whereas neither the inactive analog GZA nor solvent

(DMSO/ethanol, DE) affected the total number of viable cells. undifferentiated cells (Fig. 8B). To investigate the expression
Results are shown as meansts.e.m. of three independent of Cx43 among differentiating cells, neurospheres were
experiments. Statistical significance was analyzed using the unpairegilowed to adhere for 8 days and then double-labeled with
Student'si-test (P<0.01). antibodies against Cx43 and cell-specific markers. We found

that all cells labeled with Cx43 antibodies were also positive

for GFAP (Fig. 8C), whereas we never observed a
cell viability with respect to that of mock-treated culturescolocalization of Cx43 with either the O4 antigen of
(Fig. 7). oligodendrocytes of33-tubulin-positive neurons of the cell

To assess the effect 8GA on coupling, astrocytes grown layers (data not shown).

out of 21-day-old adherent neurospheres, which had beenWe next analyzed the time course of Cx43 and GFAP
incubated for 6 hours in the presence or absence @iVb0 expression in differentiating neurospheres (Fig. 9). Shortly
BGA, were microinjected with LY. As compared to controls,(30 minutes) after adhesion, virtually each cell in the
astrocytes treated wifBGA were much less coupled (data not neurosphere expressed Cx43, whereas only a few GFAP-
shown). positive processes were detectable (Fig. 9A,B). Three hours

after adhesion, Cx43 expression was mainly concentrated

o ) within the sphere of the cells, but was also detected in a few

Cx43 expression in neural progenitor cells and cells of the outgrowing layers. At the same time point, Cx43-
differentiating astrocytes and GFAP-positive cells were seen at the periphery of the
We started our investigation of the molecular identity ofsphere, where the migrating cells were beginning to form the
connexins in neural progenitors by focusing on Cx43, which isutgrowing layers (Fig. 9C,D). Thus, at early stages of
the main component of astrocytic gap junctions. Floatingn vitro differentiation, Cx43 was expressed in both
neurospheres grown for 10 days in the presence of EGF wepeoliferating cells and in cells committed to an astrocytic fate.
immunolabeled with a monoclonal antibody directed againsifter longer adhesion times (8 days), Cx43 was still
Cx43. Examination of sections by confocal microscopydetectable within the sphere, as well as in differentiated
revealed an intense Cx43 labeling of the vast majority oéstrocytes of the migrating cell layers (Fig. 9E,F).
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Phosphorylation of Cx43 in adherent neurospheres

The expression pattern of Cx43 suggests that Cx43 is regulat
during differentiation of neural progenitor cells. Because Cx4:
is post-translationally phosphorylated, we analyzed whethe
changes in the phosphorylation state of Cx43 occurred durir
differentiation (Fig. 10). Equal amounts of protein extractec
from floating and adherent neurospheres were studied
western blotting using two anti-Cx43 antibodies: a rabbi
polyclonal, recognizing both the phosphorylated anc
nonphosphorylated forms of Cx43, and a mouse monoclon
specific for the latter form of the protein (Nagy et al., 1997) i
Cell lysates were separated by SDS-gel electrophoresis after

treatment, an incubation with alkaline phosphatase or a C
incubation with this enzyme in the presence of an excess
phosphatase inhibitors. In protein extracts from floating
neurospheres (10 days), both antibodies reacted with a band
similar electrophoretic mobility, which was not perturbed by the
alkaline phosphatase treatment (Fig. 10, lanes 1-3). In protei
from adherent neurospheres, the polyclonal antibody detectec
broader band, which exhibited a slower electrophoretic mobilit
(Fig. 10, lane 4). Phosphatase treatment shifted Cx43 mobili
towards faster migrating forms, an effect that was reduced |
the presence of phosphatase inhibitors (Fig. 10, lanes 5-¢
Under these experimental conditions, the monoclonal antibod®
which recognizes nonphosphorylated Cx43, did not detect Cx¢
in adherent neurospheres, unless protein extracts had been |E48
treated with alkaline phosphatase (Fig. 10, compare lanes 4 w
5 in panel B). Consistent with these findings, immunolabelin s
performed on adherent neurospheres (8 days old) with tt
polyclonal anti-Cx43 antibody revealed a strong signal at th
membrane of both cells located within the sphere, as well ¢
differentiated astrocytes in the outgrowth layers. By contras
the same two cell populations were weakly labeled when tk
monoclonal antibody against Cx43 was used. These findin(
suggest that Cx43 is mainly expressed as a nhonphosphorylaicu
form by growing neural progenitors, whereas theFig. 9.Time course of Cx43 and GFAP expression in differentiating

phosphorylated species predominates following in vitrgieurospheres. Floating neurospheres, expanded for 10 days with
differentiation. EGF, were transferred onto coated coverslips and allowed to

differentiate for 30 minutes (A,B), 3 hours (C,D) and 8 days (E,F).
Double immunostaining was performed using a rabbit polyclonal
Discussion antibody against Cx43 (red) and a mouse monoclonal against GFAP

Cell-to-cell communication through connexin Channels(green)' Pictures were taken from three different neurospheres and
re representative of three independent experiments for each time

prowdes a _powerful means of Intercelllular signaling tha oint. Images in A, C and E result from the merging of 14 confocal
participates in many aspects of mammalian development (Lgjanes, whereas single plane views of the same neurospheres are
1996). To gain insight into the basic features of cell couplingnhown in B, D and F. At each adhesion time, Cx43 was expressed by
between neural progenitors, we used a neurosphere systemcafs located within the sphere. Cx43 expression increased with time
a simplified in vitro model of CNS differentiation. Our datain cells migrating out of the sphere. GFAP expression was detectable
show that progenitor cells were strongly coupled, whereasnly in a few cells at 30 minutes of adhesion but was strongly
after differentiation and migration, intercellular enhanced i_n the outgrowi_ng layers at 3 hours and 8 days of adhesion.
communication was restricted to astrocytes. Furthermordar, 10umin A-B; 30pm in C-F.
pharmacological treatment of neurospheres with a drug
blocking gap junctions indicates that coupling is crucial for cell
viability. The data substantiate the hypothesis for a rolénjections were performed on neurospheres that had been
for neurospheres in intercellular communication duringadhering for various periods of time, virtually all these cells
proliferation and differentiation of multipotent neural were nestin positive up to 2 hours after adhesion, confirming
progenitors. that they were undifferentiated progenitor cells (Lendahl et al.,
1990). As adhesion time increased, there was a decrease in the
number of cells in the neurosphere and a parallel expansion of
Cell coupling between neural progenitors the outgrowth composed of migrating cells, resulting in an
Microinjection of LY demonstrated that cells located withinincreased proportion of differentiated cells. The population of
the neurosphere were always strongly coupled. Althoughndifferentiated cells, which was an area of active proliferation
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Fig. 10.Cx43 phosphorylation is increased in adherent phosphatase -+ + -+ +
neurospheres. Cell lysates were prepared from either floating inhibitors - - + - = o+

(grown for 10 days) or adherent (8 days) neurospheres. Equal

amounts of proteins were incubated overnight at 37°C in the A — 475
presence of either digestion buffer (lanes 1 and 4), alkaline

phosphatase (lanes 2 and 5) or alkaline phosphatase plus an « o & - - e - 325
of phosphatase inhibitors (lanes 3 and 6). Samples were sepa

by SDS-gel electrophoresis and immunoblotted with either a re 1 2 3 4 5 6

polyclonal (A) or a mouse monoclonal (B) anti-Cx43 antibody. B — 475
Both antibodies reacted with Cx43 from floating neurospheres :

the apparent electrophoretic mobility was not perturbed by alki = & an - 2.5
phosphatase treatment (lanes 1-3). In adherent neurospheres,

broader band was detected when the blot was probed with the Floating Adherent
polyclonal antibody (panel A, lane 4). Following exposure to neurospheres neurospheres
phosphatase, Cx43 shifted to faster migrating forms (panel A, 1aiie

5). The monoclonal anti-Cx43 antibody, which recognizes non-phosphorylated Cx43, detected Cx43 species only when theelyssttesiwe
with alkaline phosphatase (panel B, lane 5). It should be noted that twice the amount of protein was loaded in B. Tamddenistive of
three others from two independent experiments.

compared with the outgrowth layers, remained couple@xchange. One explanation is that coupling is transient during
throughout the adhesion period. To our knowledge, there hall migration and, therefore, more difficult to detect in cell
been no previous report describing that gap junctiorultures than in brain slices. Moreover, we cannot exclude the
communication between cells retains the ability to differentiat@ossibility that tracer molecules other than LY may be more
into the three main CNS cell types. These findings suggest tha¢rmeable to neuronal connexins. However, intercellular
cell-cell coupling may be relevant to the maintenance of cellsommunication has been detected between differentiating
in a proliferative state, which may require synchronization imeurons using LY (LoTurco and Kriegstein, 1991), and in a
the center of the sphere. This possibility is in agreement withiariety of systems this tracer is as sensitive as neurobiotin to
the observation that neural precursors from the ventricular zorye coupling (Pastor et al., 1998; Meda, 2000). Our
couple and uncouple in a dynamic fashion throughout the cedlbservations are also supported by those made in co-cultures
cycle (Bittman and LoTurco, 1999). of rat striatal astrocytes and neurons, where coupling was
restricted to astrocytes, as demonstrated by both LY
microinjection and patch clamp techniques (Rouach et al.,
Cell coupling between differentiated cells 2000).
As soon as migrating cells acquired an astrocytic morphology The presence of coupling between oligodendrocytes is still
and GFAP expression, homocellular coupling was invariablylebated. Thus, oligodendrocytes of grey, but not white, matter
detected. This observation confirms studies performed iexhibited homocellular coupling (Pastor et al., 1998), as did
cultures and brain slices that have demonstrated that astrocyfay differentiated cells in culture (Venance et al., 1995;
establish a functional syncytium through gap junction channeBermietzel et al., 1997). Our results support the notion that,
(Giaume and Venance, 1998; Dermietzel and Spray, 1998). Bluring differentiation, oligodendrocytes are not engaged in
contrast, oligodendrocytes, and neurons did not allow transfelirect cell-cell communication. Although it has been clearly
of LY to adjacent cells, in spite of the fact that microinjectedestablished that oligodendrocytes express more than one
cells were in apparent contact with many neighbors. Togethezpnnexin type (Dermietzel et al., 1989; Scherer et al., 1995;
these findings suggest that proliferating cells and differentiateldunzelmann et al., 1997), it is possible that these connexins
astrocytes form two distinct communication compartmentsonly form reflexive gap junctions that provide a short-cut
from which oligodendrocytes and neurons appear to bpathway for the transfer of signals between different
excluded. Although the occurrence of heterocellular couplingompartments within the same cell (Scherer et al., 1995).
between neurons and astrocytes has been reported
(Nedergaard, 1994; Frées and Campos de Carvalho, 1998; ) o
Froes et al., 1999; Alvarez-Maubecin et al., 2000), nd>ell uncoupling and viability
morphological evidence of gap junctions between these twA pharmacological blockade of intercellular communication
cell types has yet been found (Rash et al., 2001). It is possiltby BGA produced a striking, dose-dependent inhibition of the
that the discrepancy between the functional and theiability of precursor cells, as well as a change in cell
morphological observations reflects the limits of the techniquesorphology. Several lines of evidence agree with a specific
or, alternatively, that heterocellular coupling occurs during &ffect forBGA as the result of its uncoupling properties. First,
narrow temporal window (Frées et al.,, 1999) and/or IBGA effects were not mimicked by either the inactive analog
restricted brain areas (Alvarez-Maubecin et al., 2000). GZA or the solvent used to deliver the drug; second,
Neuronal coupling via gap junctions is well established botimorphological alterations of differentiated cells were similar
in vitro and in vivo (LoTurco and Kriegstein, 1991; Peinado ein the presence of another uncoupler, carbenoxolone. More
al., 1993; Donahue et al., 1998; Rozental et al., 1998; Roerighportantly, removal of 50M BGA led floating neurospheres
and Feller, 2000; Venance et al., 2000). In our system, howevéo recover to a size similar to that of the controls. It is intriguing
neurons expressing the post-mitotic marR8rtubulin were  that treatment of adherent neurospheres @GR affected cell
not coupled among themselves nor to glia, as judged by Léensity and the morphology of the uncoupled differentiating
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cells: neurons and oligodendrocytes. A possible explanation iecognized the same cells located within the sphere and in the
that the absence of a well organized astrocytic layer hasatgrowth, although a much stronger staining was present with
profound impact on the survival and differentiation of thethe polyclonal antibody. Phosphorylation of Cx43 has been
other cell types (Hooghe-Peters et al., 1981), which, beingnplicated in several aspects of channel function (Musil et al.,
uncoupled, should have not been directly affected by bGAL990b; Moreno et al., 1992; Kwak et al., 1995; Postma et al.,
Since neither BGA nor carbenoxolone perturbed the 1998; Warn-Cramer et al., 1998) and could be tightly linked to
morphology and viability of cells that had been allowed tathe program of cell differentiation.

differentiate (namely, when the drugs were applied after 3 days In summary, coupling among neural progenitors and the
of adhesion), an alternative hypothesis may take into accourgduced viability of both proliferating and differentiating
the effects observed after continuous treatment W(EA. neural cells observed during pharmacological uncoupling,
Uncoupling during the early steps of differentiation maywhich presumably affects the channels made by all connexins,
affect the viability, as well as the proper morphologicalsupports a central role for intercellular communication during
differentiation of surviving progenitors and precursors, therebNS development. In this context, it is puzzling that no major
leading to alterations in morphology and survival of theirCNS abnormality has been detected in Cx43 knockout mice
progeny. In the presence BGA, the strong reduction in the (Reaume et al., 1995). Other connexins most probably help to
size of floating neurospheres and in the density of the layedefine communication compartments during the early steps
formed by migrating cells could be accounted for by either af differentiation of neural progenitors and provide a
decreased rate of proliferation and/or an increased cell deatompensatory mechanism in the case of Cx43 loss. Our
Our data cannot distinguish between these two mechanisms lpreliminary data show that at least eight other connexins
suggest that cell communication is of paramount importancare detectable in neurospheres (N.D., D.G., V.C. et al,
to orchestrate the life cycle of neural progenitors and promotenpublished), offering a unique experimental model in which
their viability, as suggested in the case of early migratoryhis compensatory possibility can be tested.

neural crest cells (Bannerman et al.,, 2000). Further
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