
Specific features and different fates of clones emerge postnatally

To elucidate the dynamics of clone allocation and amplification, we analyzed clones at birth
(P0, Fig 6A). Similar to P30, E12-targeted cells were, for the most part, settled laterally, whereas
E14-P0 clones were preferentially located medially (Fig 6B). Likewise, the A-P distribution of
P0 clones essentially resembled that observed at P30 (Fig 6B).

All tested StarTrack-labeled cells displayed positivity for brain lipid–binding protein
(BLBP), which marks astroglial precursors or negativity for the interneuron progenitors tran-
scription factor paired box gene 2 (PAX2), or for the oligodendroglial lineage marker SRY-
box 10 (SOX10) [15,18] (S6 Fig and Methods). Moreover, cells in the prospective white matter
(PWM) expressed nuclear factor 1 A (NFIA), which labels astrocyte progenitors [19] (S6 Fig).
Taken together, these data confirm that the tagged cells are astrocyte progenitors.

Most cells formed HomCs in the PWM (Fig 6C), including elements with the typical
fibrous shape of WMAs and cells with a basal process extending from the soma towards the
pial surface (Fig 6A’). These latter resembled RG detached from the VZ, formerly proposed as
a source of BG [10]. A minor proportion of cells formed clones still at the VZ. About 30%–
40% of clones (Fig 6C) were also found in the nascent cortex, where cells already displayed
morphologies distinctive of bona fide radial BG precursors settled in the PCL (PCL precursors
[PCLps]) or stellate GLA precursors (GLAps, Fig 6A”). HetCs were still rare and included a
very small fraction of PCLp+GLAp clones, or cortical+PWM clones (Fig 6C).

At difference with P30 data, the average size of both E12-P0 and E14-P0 clones was still
rather small (3.7 versus 3.2 cells/clone, respectively; Fig 6D). However, consistent with P30
results, HetCs already contained more cells than HomCs (Fig 6D). Similarly, HetCs tended to
be more dispersed mediolaterally compared to HomCs (Fig 6E). However, E12-P0 and E14-P0
M-L dispersions did not differ yet (Fig 6E). Altogether, these results show that, at birth, layer
allocation, size, and degree of dispersion are not yet achieved, whereas the positional choice of
clones along the cerebellar axes is already defined.

In support of this view, comparison of P0 and P30 data showed that HetCs proportionally
increased with time in the whole clone population for both E12- and E14-derived cells (Fig
6F). Interestingly, this correlated with a reduction of E12 PWM HomCs by half (Fig 6F), sug-
gesting that the P0 hemisphere PWM still hosts a number of MPs capable of producing HetCs.
Moreover, the fraction of P0 PCLp HomCs significantly decreased compared to P30 data for
both E12- and E14-derived lineages (Fig 6F). Therefore, PCLp in both hemispheres and vermis
may generate different astrocyte types.

PCLps are the source of distinct astroglial types after birth

To clarify whether PCLps generate different astrocyte types, we employed R26RConfetti reporter
mice [20] that enable the distinction of progenies derived from individual progenitors through
stochastic and exclusive expression of 1 out of 4 fluorochromes. To induce recombination in
PCLps, we applied tamoxifen (Tx) on the cerebellar surface [15] (Fig 7A) of GLASTCreERT2/+

xR26RConfetti/+ (Confetti) mice at P6, when only progenitors in the PCL own a basal process.
We adopted a protocol that allowed targeting of a limited number of PCLps to follow the

GLAs (H, number of subclones = 64) again display a prevalence of BG over GLAs (mean ratio = 1.310, 0.270 log units, P = 0.017).
Number of bins = 10. In each plot, the vertical solid line indicates 1:1 ratio, the vertical dotted line indicates the mean ratio, and the light-
colored area indicates the 95% bootstrap confidence interval of the mean. P values are computed with Wilcoxon signed rank test against
zero. The numerical data used in panels (A,E,F,G,H) are included in S1 Data. A-P, antero-posterior; BG, Bergmann glia; D-V, dorso-
ventral; GLA, granular layer astrocyte; HetC, heterogeneous clone; M-L, medio-lateral; NND, Nearest Neighbor Distance; PCL, Purkinje
cell layer; WM, white matter; WMA, white matter astrocyte.

https://doi.org/10.1371/journal.pbio.2005513.g005
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Fig 6. Analyses of clones at birth. (A) Schematic representation of the experimental design. IUE of the hGFAP-StarTrack mixture was
performed at E12 or E14 and clonal analysis at P0. Representative examples of tagged cells at P0 comprising fibrous cells and RG-like cells in the
PWM (A’), stellate GLA (GLAp), and PCLps of BG in the developing cortex (A”). (B) Schematic representation of clone distribution along the
A-P and M-L axes. Early clones tagged at E12 (green) are settled in the hemispheres and are homogeneously distributed in all the developing
lobules. Clones tagged at E14 (orange) are found in the vermis and allocate preferentially to anterior and, less frequently, to posterior lobules.
(C) After both E12 and E14 IUE, HomCs are mostly found in the PWM at P0. A relevant proportion is also found in cortical layers (“exploded”
sections), mostly as clones composed of PCLps. HetCs are still rare and include clones with cells in the two developing cortical layers (PCLp
+GLAp) or in both PWM and cortex (PWM+cortical, comprising BGp+PWM, GLAp+PWM, and BGp+GLAp+PWM clones). Pies illustrate
pooled data from 3 animals per time point. (D) Scatterplots show the size of E12 (green) and E14 (orange) clones at P0. Early- and late-tagged
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progenies of individual progenitors (S7 Fig; see Methods). Analysis performed at P30 revealed
that the tagged cells were GFAP+ astrocytes and included both BG and GLAs, which expressed
cell type–specific markers (S8 Fig and S1 Table). Cells were then grouped in clones (see
Methods) that resulted to be formed by only BG or both BG and GLAs (Fig 7B, 7C, 7F and
7F’). Clones formed by GLAs only (Fig 7D) were rarely observed and may derive from direct
transformation of PCLps into GLAs. The fractions of double BG+GLA clones and BG-only
clones were similar, indicating an overall comparable probability for a PCLp to proceed along
the 2 lineages (Fig 7E). Double clones were significantly bigger than clones solely formed by
BG or GLA (Fig 7G), consistent with the bigger size of StarTrack HetCs. Moreover, double
clone average size (about 4.5 cells/clone) and spatial dispersion (about 90% within approxi-
mately 180 μm, intraclone intercell distance) were about half of those computed for cortical
StarTrack subclones (see above section ‘HetCs are formed by a modular architecture’), consis-
tent with tagging of individual progenitors. Notably, the BG:GLA ratio (Fig 7H) revealed a
predominance of BG and displayed a value (1.2) intermediate to that of StarTrack triple and
double clones.

Similar to VZ RG in the developing telencephalon, the choice of PCLps to self-renew and
generate BG or produce a distinct progeny (i.e., GLAs) may be associated with different cleav-
age plane orientations during division, determining the inheritance of the radial process [21–
23]. However, like basal RG [24], phosphorylated Vimentin (pVimentin)-labeled proliferative
PCLps always displayed predominant horizontal divisions (S9 Fig) with a frequency (approxi-
mately 80%) not matching the proportions of double/BG clones. Thus, factors other than the
cleavage plane orientation are likely to influence the PCLp cell fate. In summary, postnatal
PCLps can generate GLAs and contribute BG+GLA clones.

Astroglial precursors amplify and differentiate according to layer-specific
dynamics after birth

The different sizes of cortical and WMA HomCs and the distinct contribution of astrocyte
types to HetCs suggested different layer-specific proliferation rates. This hypothesis was
addressed at early postnatal stages, during clone expansion and maximal cerebellar growth
[25,26]. Proliferating astroglial progenitors were tagged with 5-ethynyl-20-deoxyuridine (EdU)
in hGFAP-GFP mice [27] (Fig 8A–8D”). EdU+hGFAP+ precursors exhibited layer-dependent
proliferative behaviors in both vermis and hemispheres. PCLps divided extensively, showing a
peak of proliferation at P1, which gradually decreased afterward. EdU+hGFAP+ cells in the
PWM and granular layer (GL) followed the same trend, although with an overall lower prolif-
eration rate (Fig 8A–8D”). A layer-dependent proliferation rate, declining over time, was con-
firmed when ongoing proliferation was assessed in StarTrack+ cells (S10 Fig). This analysis
also indicated a slightly higher proliferative activity in E12-derived PCLps compared to
E14 counterparts immediately after birth (S10 Fig). Cell cycle reentry analysis on the whole
astrocyte pool (S11A–S11D”‘ Fig) showed that all astroglial precursors undergo an early

clones show statistically different sizes, despite the difference being negligible. At both time points, HomCs are smaller than HetCs. (E)
Scatterplots show the M-L dispersion of E12- and E14-derived clones at P0. E12 and E14 clones do not differ in their M-L dispersion
(P = 0.502). HetCs at both time points tend to be more dispersed than HomCs. (⇤⇤, P< 0.01; ⇤⇤⇤, P< 0.001; P values are calculated with GEE
analysis). Table in (F) summarizes the numbers of clones in each layer at P0 and P30 and the P values resulting from their comparisons by
Fisher’s exact test. n = number of clones. Scale bars: 10 μm. The numerical data used in panels (D,E) are included in S1 Data. A-P, antero-
posterior; D-V, dorso-ventral; E, embryonic day; GEE, generalized estimating equations; GL, granular layer; GLAp, granular layer astrocyte
precursor; HetC, heterogeneous clone; hGFAP, human glial fibrillary acidic protein; HomC, homogeneous clone; IUE, in utero electroporation;
M-L, medio-lateral; P, postnatal day; PCL, Purkinje cell layer; PCLp, Purkinje cell layer precursor; PWM, prospective white matter; RG, radial
glia; VC, ventricular cell.

https://doi.org/10.1371/journal.pbio.2005513.g006
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Fig 7. Analysis of PCLp progenies at P30. (A) Experimental design of superficial administration of Tx to induce R26RConfetti

recombination in radial GLAST+ precursors in the PCL (PCLps). (B-D) Analysis after serial sections’ reconstruction at P30 reveals the
existence of sister astrocytes (i.e., expressing the same color) arranged in different clone types: BG clones (B), double clones composed of
BG+GLA (C), and rare GLA clones (D). (E) Quantification of the relative proportion of each clone type derived from P6-tagged PCLps
in lobule IV–V. Pies illustrate pooled data from 3 animals. (F,F’) Examples of clones distributed in 1 or 2 adjacent sections. (B = BG,
G = GLA; superscripts indicate distinct clones; subscripts indicate sister cells). (G) Scatterplots of clone size. BG+GLA clones are bigger
compared to clones composed of only BG or GLAs. (H) Scatterplots show the number of distinct astrocyte types in double clones. The
insets report the clonewise stoichiometry, rounded to the first decimal, which highlights the prevalence of BG over GLA. ⇤⇤⇤, P< 0.001;
P values are calculated with GEE analysis n = number of clones. Scale bars: 30 μm (B-D), 100 μm (F-F’). The numerical data used in
panels (G,H) are included in S1 Data. BG, Bergmann glia; CFP, cyan fluorescent protein; DAPI, 40,6-diamidino-2-phenylindole; GEE,
generalized estimating equations; GL, granular layer; GLA, granular layer astrocyte; GLAST, glutamate aspartate transporter; ML,
molecular layer; PCL, Purkinje cell layer; PCLp, Purkinje cell layer precursor; RFP, red fluorescent protein; Tx, tamoxifen; WM, white
matter; YFP, yellow fluorescent protein.

https://doi.org/10.1371/journal.pbio.2005513.g007
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Fig 8. Proliferation and cell cycle exit of cerebellar astrocytes. (A-D) Analysis of active proliferation of astrocytes in different layers during
early postnatal development. (A) Percentage of EdU-incorporating astrocyte precursors among total hGFAP+ cells subdivided per layers. EdU
was administered 6 h before killing at P1, P4, or P7 to detect actively proliferating cells. At all analyzed time points, proliferation varies among
layers and declines over time in both vermis and hemispheres. In B-D”, arrowheads point to double-labeled proliferating precursors,
highlighting the overall reduction over time in the proliferation activity and the higher number of proliferating cells in the PCL compared to the
other layers. (E-G”) Birthdating of astrocytes retaining a strong BrdU signal (BrdUhigh) after the completion of the maturation process (P30).
The histogram in (E) shows that the highest percentages of BrdUhigh+ cells are observed in the first postnatal week, with minimal labeling before
and afterwards. In detail, numerous WMAs exit the cell cycle already at P1, while GLAs and BG differentiate later. On the whole, this layer-
specific pattern applies to both the vermis and the hemispheres (P = 0.139), where, however, differentiation delayed (PCL, P< 0.001). (F-F”,
G-G”) Full and empty arrowheads point to astrocytes retaining a strong (BrdUhigh) or a diluted (BrdUlow) BrdU signal, respectively. ⇤, P< 0.05;
⇤⇤, P< 0.01; ⇤⇤⇤, P< 0.001; P values are calculated with GEE analysis. Plots represent data averaged from distinct animals. Scale bars: 30 μm.
The numerical data used in panels (A,E) are included in S1 Data. BG, Bergmann glia; BrdU, bromodeoxyuridine; EdU, 5-ethynyl-20-
deoxyuridine; GEE, generalized estimated equations; GL, granular layer; GLA, granular layer astrocyte; hGFAP, human glial fibrillary acidic
protein; P, postnatal day; PCL, Purkinje cell layer; PWM, prospective white matter; WM, white matter; WMA, white matter astrocyte.

https://doi.org/10.1371/journal.pbio.2005513.g008

Ontogenetic mechanisms of astrocyte heterogeneity

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005513 September 27, 2018 15 / 38



proliferation burst until P4, with PCLps being the most proliferative cells even at later times,
consistent with the high number of BG in P30 StarTrack clones. Thus, astroglial progenitors in
the postnatal cerebellum undergo intense proliferation immediately after birth and expand
according to layer-specific dynamics.

To complement these findings, we performed a birthdating analysis. Retention of high bro-
modeoxyuridine (BrdU) levels (BrdUhigh) in astrocytes at P30 after a single BrdU pulse identi-
fied cells that left the cell cycle approximately at the time of BrdU injection [28]. A remarkably
similar layer-dependent differentiation pattern was observed in both vermis and hemispheres.
When dividing astrocyte precursors were tagged at E15, rare BrdUhigh+hGFAP+ cells were
found at P30, mainly in the WM (Fig 8E and S11E Fig), indicating that E15 progenitors
hardly differentiate without further amplification. WMAs predominantly differentiated at
P1 (Fig 8E-F”), whereas the bulk of BG and hemispheric GLAs differentiated at the end of the
first postnatal week (Fig 8E). Vermian GLAs instead exited proliferation with a constant rate
throughout the first 7 d of life (Fig 8E–8G”). BrdUhigh cells were also found in hemispheric
cortical layers when progenitors were tagged at P15, indicating a delay of astrocyte differentia-
tion in this territory. Thus, shortly after birth, WMAs exit the cell cycle, showing a limited
expansion phase. Conversely, GLAps continue to divide for a longer time. In addition, PCLps
differentiate after an extended expansion during which they appear overall more proliferative
compared to progenitors in other layers.

Multipotent and lineage-restricted progenitors are likely to coexist in the
E12 and E14 cerebellar VZ

Data show that the cerebellar VZ hosts gliogenic RG producing distinct clone types and whose
differentiation potential changes with time and space. These findings could be explained by
either distinct RG committed to different fates or by a homogeneous population of multipo-
tent RG that stochastically make their fate choice. To tackle this issue, we tested the validity of
a simple model assuming the existence of a single MP pool. To this aim, lineages were simu-
lated in silico, cell fate choices were modeled in a probabilistic manner (Methods; Fig 9A), and
the outcome was compared to empirical data. MPs, including both RG and all the precursors
in the derived progenies, were assumed to maintain the same properties across layers and over
time, whereas the probabilities of production of the distinct astrocyte subtypes were genera-
tion-dependently based on birthdating analyses (Fig 9B and S12A Fig).

This stochastic model produced clones whose size was in good agreement with the
observed clones (Fig 9C and S12B Fig). However, it failed to reproduce the proportions of
clone subtypes and astrocyte types. Indeed, in E12-P30 hemispheric lineages, none of the
clone subtypes was correctly captured by the model, except for WMA HomCs, and too many
WMAs and BG were produced (Fig 9D–9E). On the other hand, the simulations of E14-P30
vermian families properly reproduced the fraction of the sole double clones but failed with
the others and produced too many BG (S12C–S12D Fig). The comparison between the simu-
lated lineages at the generation corresponding to P0 and empirical E12-P0 or E14-P0 clones
revealed that at this stage, the amount of simulated HetCs was much higher than expected,
while HomCs were underrepresented. The model produced too many PWM+cortical HetCs
at P0, at the expense of both cortical and PWM clones (Fig 9F and 9G and S12E–S12F Fig),
suggesting a deviation from a model with a single MP already before birth. Overall, these
results suggest that the single-MP hypothesis can be ruled out under the assumptions of sim-
ple proliferative kinetics and, rather, point towards some additional lineage-restricted pro-
genitor types in the cerebellar VZ.
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Fig 9. Rules and outcome of the simulation model applied to E12 lineages. (A,B) The schematic representation in (A) shows the distinct fate
transitions allowed in the model (indicated by the arrows). The probability of MP proliferation is kept constant at 0.465 in the simulations of E12-P30
lineages. Each daughter cell of each division either remains an MP or differentiates into a postmitotic astrocyte. In this latter case, the probabilities of
generating the distinct astrocyte subtypes (BG versus GLA versus WMA) are generation-dependently set according to the birthdating experiments
performed in the hemispheres, as shown in (B). Histograms in (C-E) show the outcomes of the simulated lineages compared to the experimental data.
Simulated clone sizes (C) appear quite similar to those of the observed clones. On the other hand, the proportions of astrocyte subtypes are not well
represented, with too many WMAs and BG produced (D). Same color code as in (A). Similarly, the model fails to recapitulate the proportions of clone
subtypes (E; E12-P30). (F,G) Simulated and observed lineages were compared at P0 (corresponding to generation 6). Too many HetCs (F) are found in
simulated lineages compared to empirical clones, because of the generation of too many PWM+cortical clones at the expense of both cortical and PWM
families (G). ⇤⇤⇤, P< 0.001; P values are calculated with chi-squared test. Cortical clones comprise PCLp HomCs, GLAp HomCs, and PCLp+GLAp
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Discussion

The spatiotemporal generation pattern of distinct astrocyte types and the rules governing the
formation of astroglial lineages are poorly understood. By studying the cerebellum, we found
that astrogliogenesis occurs through distinct lineages comprising multiple or single astrocyte
types according to an orderly developmental program based on a prominent recurrent modu-
larity in the heterogeneous lineages.

In the mature cerebellum, E12- and E14-derived clones were distributed along the M-L and
A-P axes according to a well-defined pattern established at birth and linked to the organization
of the cerebellar territory. Clones from E12-tagged RG were found predominantly in the cere-
bellar hemispheres through all folia, whereas E14-derived RG gave rise to vermian clones,
mostly confined to the anterior and posterior lobules. The consistency of this pattern across
samples and the rather diffuse M-L and A-P targeting of the VZ by IUE exclude a sample bias.
These results are compatible with a developmental scheme where E12 astrogliogenic RG pref-
erentially populate the hemispheres, while distinct RG, still rare at E12, become dominant at
later stages, likely by amplification, and populate the vermis. Thus, consecutive waves of RG
amplification and detachment seem to occur. This scheme is reminiscent of the organization
of cerebellar PCs born on different days and is in line with previous histological findings [11].
Indeed, birthdating studies in rats [14] and genetic fate mapping in mice [16] showed that PC
production starts with neurons that, similar to early astrocyte lineages, settle in the hemi-
spheres and paravermis. Along the A-P axis, E14-derived clones were rarely found in the ver-
mian central folia, which might become populated by a distinct wave of astrogliogenesis not
sampled in this analysis.

Size and M-L dispersion of individual clones jointly decreased transiting from early hemi-
spheric to later vermian astrogliogenesis and with clone homogeneity. At birth, all clones were
small and had similar dispersions and cell type composition, showing that differences predom-
inantly emerge postnatally during cerebellar growth, likely driven by proliferation of pioneer
progenitors settled in the nascent parenchyma, as also shown in the forebrain [29]. We also
noted that clones were commonly found in a single lobule, in agreement with proliferation
occurring within the boundaries of early established fissures anchoring centers, as formerly
described for granule cells [25]. E12 triple HetCs were the only exception, showing dispersion
across adjacent lobules in the hemispheres. This may depend on delayed hemispheric fissure
formation [30] and/or on the presence of numerous PWM multipotent pioneer progenitors.
E12 clones were also overall bigger in size compared to E14 families. This, on the one hand,
is consistent with the higher proportion of small HomCs in the E14 progeny. On the other
hand, E12 progenitors might also be endowed with an increased proliferative capability, which
declines in a time-dependent manner in later-generated families, as shown for neurogenic pro-
genitors [31]. Indeed, on the whole, our data suggest that in the hemispheres, a slightly higher
proliferative activity in PCLps at defined postnatal time points, together with protracted prolif-
eration leading to a delayed exit from the cell cycle, might contribute to the distinct features
of early and late clones. These different behaviors may depend on cell-intrinsic properties or
region-specific environmental factors influencing clone proliferation. In this respect, tissue
expansion does not appear as the major regulator of clone size, because the vermis, where
clones are small, has a volume double of that of each hemisphere. Alternatively, small vermian

HetCs; Cortical+PWM clones comprise PCLp+PWM, GLAp+PWM, and PCLp+GLAp+PWM HetCs. The numerical data used in panels (B-G) are
included in S1 Data. BG, Bergmann glia; E, embryonic day; GLA, granular layer astrocyte; GLAp, granular layer astrocyte precursor; HetC,
heterogeneous clone; HomC, homogeneous clone; MP, multiple progenitor; P, postnatal day; PCLp, Purkinje cell layer precursor; PWM, prospective
white matter; WMA, white matter astrocyte.

https://doi.org/10.1371/journal.pbio.2005513.g009
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clones may just reflect a higher number of RG available to support the full territorial occupa-
tion of the vermis. Similarly, the major dispersion of E12 clones may be supported by a specific
migratory ability of these early-born progenitors and/or by specific environmental cues, as
described to occur in the cerebral cortex [32]. Moreover, radial migration along RG trajecto-
ries allocates astrocytes to defined segmental domains according to a temporal ventral-to-dor-
sal sequence in both the spinal cord and forebrain [1,33]. In the cerebellum, instead, astrocyte
allocation over time follows a latero-medial shift that intersects with the formation of the A-P
lobular units. Notably, temporal patterning also appears to influence features (e.g., size, disper-
sion, see also below) of cerebellar astrocyte clones. However, it remains to be determined
whether astrocyte spatial segmentation confers a specific functional specialization to the cells.

A characteristic feature of clones was their diverse cell type composition, including homo-
geneous and heterogeneous lineages constituted of all, 2, or just 1 astroglial type. This high-
lights a remarkable multipotency of gliogenic RG, which is expressed in terms of both lineages
and astroglial types at the examined time points. However, multipotency declines during cere-
bellar morphogenesis, since triple HetCs became less frequent concomitantly with an expan-
sion of WMA HomCs. The latter finding, as discussed above for size, highlights region-
specific differences within the cerebellum. However, it also conforms to the notion of time-
dependent reduction in the differentiation potential of neurogenic RG [34,35]. Further, it is
suggestive of a progressive separation of cortical and WM lineages, in line with the segregation
of astroglial clones found in the neocortex [4]. However, unlike the neocortex, where both cor-
tical and WM clones essentially exhibit a homogeneous composition [4], HetCs consistently
comprised the majority of cerebellar astrocytes. The poor morphological diversity of neocorti-
cal parenchymal astrocytes may have partly masked clone heterogeneity, which was instead
observed in olfactory bulb astroglial clones [36]. These discrepancies may alternatively reflect
area-specific differences in RG competence or the occurrence of multipotent gliogenic RG
only at early stages of embryonic development. In the cerebellum, HomCs included numerous
single-cell clones, consistent with direct derivation of astrocytes from RG without prolifera-
tion. This was so far postulated for BG generation through RG translocation [11,12,14], but
our data suggest that direct transformation may occur for all astrocyte types and may be espe-
cially frequent for WMAs. Some astroglial cerebellar lineages may also contain neuronal deriv-
atives hidden in our data by astrocyte-specific promoter regulation of reporter expression.
Based on evidence that postnatal PWM progenitors generate both M-L interneurons and
WMAs [15,37,38], sibling interneurons may belong to WMA-containing triple and/or
HomCs, although broader clonal relationships between astroglia and other cerebellar neurons
cannot be excluded [39].

What mechanisms drive RG along distinct homogeneous or heterogeneous astroglial line-
ages? The observed behaviors could be produced by a homogeneous population of multipotent
RG that undergo stochastic changes in competence over time. Such a model has been proposed
[34,35] and confirmed by computational analyses [40,41] for temporal switches in RG fate
potency along neuronal lineages. Alternatively, as also suggested for neuronal lineages [42,43]
and supported by in silico simulations [31], clone heterogeneity may originate from discrete
subsets of RG predetermined toward specific fates, whose relative proportions change with
time. The employment of a simple stochastic model suggests that the single-MP hypothesis is
not compatible with the observed clonal outcomes under our assumptions. In particular,
although a single MP with simple proliferation dynamics is a valid model to explain empirical
clone size distribution, it fails to recapitulate the frequencies of nearly all clone subtypes in the
simulations of both E12- and E14-P30 lineages, producing overall too many WMAs and/or
BG. These results suggest that committed progenitors are also present, enabling a tighter regu-
lation of BG and WMA production. For instance, WMA-related dissimilarities might reflect
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the specific properties of bipotent progenitors that produce both WMAs and interneurons
[15]. Discrepancies between simulated and empirical lineages could also depend on layer-spe-
cific factors biasing cell fate, such as, for instance, the bipotency of PCLps. Moreover, prolifera-
tion dynamics may be more complex than the implemented simple proliferative kinetics.
Further investigations will allow to clarify these points.

Despite the prominent diversity of clone types, lineages revealed remarkably consistent
architectures. First, HomCs were always smaller in size, suggesting a selective divergence of
these lineages from HetCs. Second, HetCs showed an analogous stoichiometry in both E12
and E14 families, with few WMAs and similar higher amounts of both BG and GLAs in triple
clones and with BG outnumbering GLAs in double clones. Third, and most interestingly, this
general architecture was also reflected within individual HetCs, as revealed in E12-P30 clones,
where sister cells were mostly organized in subclones. While WMAs appeared to be less prone
to cluster with other astrocyte types, the vast majority of these subclones comprised both BG
and GLAs and, in turn, displayed a uniform composition, with BG outnumbering GLAs.
Thus, subclones with a recurrent relative number of cortical astrocytes may represent a major
unitary module upon which HetCs clones are built. The analogous stoichiometry of E12 and
E14 clones and similar layer-specific dynamics of vermian and hemispheric astrogliogenesis,
as well as PCLp bipotency in both hemisphere and vermis, strongly suggest that the subclone
structures found in E12 clones also apply to E14 HetCs. The presence of subclones also
prompts the speculation that they may act as functional units, specifically participating in the
regulation of defined microcircuits through synchronous calcium fluctuations, similar to func-
tioning of neighboring astrocytes in both the mouse hippocampus and cerebral cortex [44].
Overall, these results indicate that the behavior of gliogenic progenitors in the cerebellum con-
forms to a remarkably orderly and coordinated program.

How is this stereotyped architecture achieved? Here we identify 2 contributing factors: (i)
Distinct layer-dependent rhythms of astrocyte amplification and cell cycle exit, which well fit
the clone/subclone architectures. Namely, WMAs leave the cell cycle early while proliferation
in cortical layers is more intense and lasts longer, especially in the PCL, in parallel with the tan-
gential expansion of the cerebellar surface. Distinct molecular machineries could sustain dif-
ferent rhythms, as suggested by evidence that PCL and PWM astroglial progenitors rely on
different types of cyclins D [15]. Yet, cell-extrinsic factors are likely to modulate these behav-
iors. Neuron-derived signals are known to affect cerebellar astrocyte proliferation, differentia-
tion, and acquisition of layer-specific phenotypic traits [7,45–47], thereby possibly taking part
also in layer-specific dynamics. In particular, Sonic hedgehog (SHH) derived from PCs is able
to induce the neurochemical conversion of GLAs into BG [7]. Shh is thus an obvious candidate
for a cortical layer–specific cue that can bias the differentiation propensity of PCLps toward
BG over GLAs. (ii) PCLps are not exclusively committed to the BG fate and can give rise to
clones containing both BG and GLAs. Thus, PCLps appear as the most likely source of double
HetCs and BG+GLA containing subclones, but this hypothesis remains to be directly demon-
strated. This interpretation is in agreement with findings in mutants where bona fide BG pro-
genitors (here named PCLps) fail to develop, with consequent prominent loss not only of BG
but also of GLAs [13,48]. Moreover, the gliogenic plasticity of PCLps fits well the adaptive
reprogramming shown for these progenitors after a major depletion of the perinatal external
granular cell layer (EGL) [49]. Further, PCLp horizontal cleavage plane orientations establish a
similarity to neocortical basal RG [24,50–52], which adds to former evidence of phenotypic
[53] and functional (i.e., contribution to folding [13,48,54]) relationships between these 2
basally anchored progenitors. In sum, our results point to PCLp as the fundamental organizing
element of cortical components in HetCs. In addition, we speculate that part of these basal pro-
genitors after detachment from the VZ and before reaching the PCL could divide and also
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individual clones among BG HomCs are less frequent (Fisher’s exact test shows a statistically
significant difference between WM and BG in E12-P30 clones; ⇤, P = 0.0265). n = number of
clones. The numerical data used in panels (A,B,E,F) are included in S1 Data. BG, Bergmann
glia; HomC, homogeneous clone; E, embryonic day; GLA, granular layer astrocyte; IUE, in
utero electroporation; WM, white matter; WMA, white matter astrocyte.
(TIF)

S6 Fig. Expression of lineage markers in StarTrack-labeled cells at P0. (A,B) At P0, Star-
Track-labeled astrocytes found in both the cerebellar cortex (A) and PWM (B) express the
astrocyte progenitor marker BLBP [8] (the white color in A’ and B’ indicates the colocalization
at the pixel level between StarTrack GFP and BLBP). (C,C’) In the PWM, electroporated cells
also express NFIA [19], further confirming their identity as astrocyte progenitors. (D,E) In
parallel, absence of PAX2 (D,D’) and SOX10 (E,E’) staining in StarTrack-labeled progenitors
exclude that they belong to the interneuron or oligodendroglial lineage, respectively [15,18].
Scale bars: 30 μm. BLBP, brain lipid–binding protein; GFP, green fluorescent protein; GL,
granular layer; NFIA, nuclear factor 1 A; P, postnatal day; PAX2, paired box gene 2; PCL, Pur-
kinje cell layer; PWM, prospective white matter; SOX10, SRY-box 10.
(TIF)

S7 Fig. Short-term analysis of Confetti-labeled cells and comparisons with P30 data. (A)
Low magnification of lobule IV–V 48 h after local administration of Tx at P6. Arrows point to
sparse PCLps labeled with different Confetti colors (RFP, red arrowheads; YFP, green-filled
arrowheads; CFP, white arrowhead with green contour). The position of the cell body in the
PCL, the radial morphology and the expression of the astroglial marker BLBP (B-C’) confirm
that cells tagged by Tx are PCLps. As expected, PCLps are negative for the oligodendroglial
marker SOX10 (D, D’). (E-G’) At short term, the vast majority of the cells (about 80%) are sin-
gle PCLp, but some pairs of sister cells are also visible. They are composed of 2 juxtaposed cells
of the same color. In some cases, they are about to complete a mitosis (nuclei in late telophase
in E and relative inset), or splitting apart (F,F’). In other cases, both cells are still in the cell
cycle; as assessed by Ki67 expression, they display similar configuration of the nuclei and a
mirror morphology, elements indicative of cell division (G, G’ and relative insets). Yellow dot-
ted lines in the insets in E, F, G highlight Ki67+ nuclei of duplets. One of the 2 cells in pairs
always displays a PCLp feature, while the other one, in some cases, seems to extend stellate-like
processes, suggestive of a GLA fate (arrowheads in F’ and G’). The histogram in H represents
the distribution of the mean extensions of clones identified at P30 (single-cell clones were
excluded; bin size = 15 μm). The estimated minimal distance between clones (317 μm, red
dotted line) is significantly higher than the mean clone extension (104 μm, black dotted line;
P< 0.001), and only a small fraction of clones have an extension close to the minimal inter-
clone distance (see Methods). Scale bars 20 μm and 100 μm in A. The numerical data used in
panel (H) are included in S1 Data. BLBP, brain lipid–binding protein; CFP, cyan fluorescent
protein; GL, granular layer; P, postnatal day; PCL, Purkinje cell layer; PCLp, Purkinje cell layer
precursor; RFP, red fluorescent protein; SOX10, SRY-box 10; Tx, tamoxifen; YFP, yellow fluo-
rescent protein.
(TIF)

S8 Fig. Expression of lineage and astrocyte type–specific markers in P30 Confetti-labeled
cells. (A,B) Cells labeled after in situ Tx administration in Confetti mice are GFAP+ astrocytes
in the PCL (A1 and B1,2) or in the GL (A2). (C-F) The morphological and spatial criteria used
to identify BG or GLA are validated by the expression of astrocyte type–specific markers [7,76]
(see S1 Table). BG (C-C’), but not GLAs (D-D’), express high levels of GLAST and are also
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positive for the BG-specific marker GDF10 (E-E’). Asterisks in C’ highlight the cell body of
GLAST-negative Purkinje cells surrounded by GLAST-positive BG processes. (F-F”) On the
contrary, AQP4 stains exclusively astrocytes in the GL (F2,3) but not BG (F1). Both BG (G-G’)
and GLAs (H-H’) do not express the oligodendrocyte marker Sox10, confirming their astro-
cytic identity. A’-A”, B’-B”, C’-D’,E’,F’, F” are single-step confocal images that more clearly
demonstrate the specificity of the different stainings in Confetti-positive or negative (G’-H’)
cells. Arrowheads point to Confetti+ cells. Scale bars: 20 μm. AQP4, aquaporin 4; BG, Berg-
mann cell; GDF10, growth differentiation factor 10; GL, granular layer; GLA, granular layer
astrocyte; GLAST, glutamate aspartate transporter; P, postnatal day; PCL, Purkinje cell layer;
SOX10, SRY-box 10; Tx, tamoxifen; WM, white matter.
(TIF)

S9 Fig. Cleavage plane orientation of PCLps. (A) Frequency distribution of the cleavage
plane orientations in pVimentin+ PCLp at different time points. PCLps preferentially divide
with a cleavage plane horizontal to the PCL throughout cerebellar development (⇤⇤⇤, P<
0.001). No statistically significant differences are found in the distribution of cleavage plane
orientations over time (P = 0.107, main effect of time). (B) During late embryonic phases,
radial progenitors delaminate from the VZ and start to colonize the developing PCL and keep
dividing through horizontal divisions. (C-D’) After birth, proliferating PCLps still maintain a
horizontal cleavage plane, independently of the position of the radial process (highlighted by
yellow arrowheads). (D’) Magnification of a single confocal plane of the pVimentin+ cell in D
to show the cleavage plane orientation of the nucleus during telophase. P values are computed
with GEE analysis. Scale bars: 20 μm (B-D), 10 μm (D’). The numerical data used in panel (A)
are included in S1 Data. EGL, external granular layer; GEE, generalized estimated equations;
PCL, Purkinje cell layer; PCLp, Purkinje cell layer precursor; pVimentin, phosphorylated
Vimentin; VZ, ventricular zone.
(TIF)

S10 Fig. Active proliferation of StarTrack-labeled astrocyte progenitors. Analysis of active
proliferation was performed on E12 hemispheric (green) or E14 vermian (orange) StarTrack-
tagged cells in different layers during early postnatal development. Mice were administered
twice with EdU with a 3-h interval, and the percentage of EdU-incorporating astrocyte precur-
sors over the total amount of StarTrack-labeled cells in each layer was calculated. At both P1
(A) and P4 (B), the tagged progenitors show a layer-specific pattern of proliferation that
declines over time. E12-tagged (green) astrocyte progenitors in the PCL show a slightly higher
proliferation activity at P1 (A) compared to those electroporated at E14 (orange). On the other
hand, at P4 (B), E12-tagged progenitors in the PWM and GL show a trend to be more prolifer-
ative compared to their E14-tagged counterparts, although the low number of cells does not
allow to reveal a statistical significance. ⇤, P< 0.05; ⇤⇤, P< 0.01; ⇤⇤⇤, P< 0.001; P values are cal-
culated with Fisher’s exact test. n = number cells. The numerical data used in the figure are
included in S1 Data. E, embryonic day; EdU, 5-ethynyl-20-deoxyuridine; GL, granular layer; P,
postnatal day; PCL, Purkinje cell layer; PWM, prospective white matter.
(TIF)

S11 Fig. Proliferation dynamics of postnatal astroglial progenitors. (A) Experimental
design: BrdU was injected at P1 or P4 in hGFAP-GFP mice and EdU 6 h before killing at P4 or
P7. Triple-labeled cells analyzed in the vermis were plotted as the percentage of total BrdU+/
hGFAP+ cells per layer. At each time point, PCLps reenter more frequently in the cell cycle
compared to astrocyte precursors in other layers. In the PWM from P4 on, there is a significant
drop in the proportion of astrocytes performing another division. The same trend is also
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present, though less evident, in the GL. (B-D’’’) Images represent sagittal sections of cerebella
at the different time points analyzed after double thymidine analogue labeling: (B-B’’’) P1–P4,
(C-C’’’) P4–P7, and (D-D’’’) P1–P7. Merged and single channels for BrdU (red), EdU (blue),
and GFP (hGFAP, green) stainings are presented. Arrowheads point to some triple-labeled
cells. (E-G) Representative images of P30 cerebella of mice injected with BrdU at the beginning
(E15, E) and the end (P15, F,G) of astroglial development. Full and empty arrowheads indicate
cells with BrdUhigh or BrdUlow positivity, respectively. Plots represent data averaged from dis-
tinct animals. ⇤, P< 0.05; ⇤⇤⇤, P< 0.001, calculated with GEE analysis. Scale bars: 30 μm. The
numerical data used in panel (A) are included in S1 Data. BrdU, bromodeoxyuridine; EdU,
5-ethynyl-20-deoxyuridine; GEE, generalized estimated equations; GFP, green fluorescent pro-
tein; GL, granular layer; hGFAP, human glial fibrillary acidic protein; P, postnatal day; PCL,
Purkinje cell layer; PCLp, Purkinje cell layer precursor; PWM, prospective white matter; WM,
white matter.
(TIF)

S12 Fig. Simulations of E14 lineages. The probabilities for a differentiating progenitor of
generating the distinct astrocyte subtypes (BG versus GLA versus WMA) are generation-
dependently set according to the birthdating experiments performed in the vermis, as shown
in (A). Histograms in (B-D) show the outcomes of the simulated lineages compared to the
experimental data. Simulated clone sizes (B) appear quite similar to those of the observed
clones. On the other hand, the model fails to recapitulate the proportions of astrocyte sub-
types, with the production of too many BG (C; same color code as in A). Similarly, the model
fails with the proportions of clone subtypes (D). (E,F) Simulated and observed lineages were
compared at P0 (corresponding to generation 4). Too many HetCs (E) are simulated com-
pared to empirical clones, because of the generation of too many PWM+cortical clones at
the expenses of either cortical and PWM families (F). ⇤⇤⇤, P< 0.001, P values were calculated
with chi-squared test. Cortical clones comprise PCLp HomCs, GLAp HomCs and PCLp
+GLAp HetCs; Cortical+PWM clones comprise PCLp+PWM, GLAp+PWM, and PCLp
+GLAp+PWM HetCs. The numerical data used in panels (A-F) are included in S1 Data. BG,
Bergmann glia; E, embryonic day; GLA, granular layer astrocyte; GLAp, granular layer astro-
cyte precursor; HetC, heterogeneous clone; HomC, homogeneous clone; P, postnatal day;
PCLp, Purkinje cell layer precursor; PWM, prospective white matter; WMA, white matter
astrocyte.
(TIF)

S13 Fig. GFAP immunostaining confirms the astrocytic identity of labeled cells. (A,B)
Reslices of single step images of P30 clones after anti-GFAP staining (white/purple) unequivo-
cally show the astrocytic identity of cells labeled solely with nuclear markers. Scale bars: 30 μm.
GFAP, glial fibrillar acidic protein; P, postnatal day.
(TIF)

S14 Fig. Impact of clones defined by repeated combinations on features of E12 HetCs with
the highest lumping errors. The repeated frequency of some combinations suggests that these
may be less reliable to define sibling cells in our samples. Therefore, we assessed whether the
clones defined by these repeated combinations in the samples found more prone to lumping
errors (2 samples of E12 clones that underwent cluster analysis) belonged to specific clone
types/subtypes and displayed features introducing a systematic bias in the analyses. (A)
Repeated combinations were homogeneously represented among the distinct clone types/sub-
types, with the only exception of BG+GLA+WMA+CNA clones, in which they were enriched
(chi test, P = 0.025). However, this clone type, being very rare, was not included in quantitative
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analyses. (B) Clones defined by repeated combinations (blue bars) were not different from the
whole populations (black bars) and behaved as clones with unique combinations (red bars) in
terms of clone size (P> 0.05), which is a key clone feature. These results suggest that the pres-
ence in the examined samples of clones labeled by repeated combinations does not signifi-
cantly affect results. The numerical data used in panel (B) are included in S1 Data. E,
embryonic day; HetC, heterogeneous clone.
(TIF)

S15 Fig. Impact of potential clustering errors. Because of the possible presence of a nonnegli-
gible clustering error, we estimated the impact of a subclone identification bias by rerunning
the cluster analysis varying by 20% the number of identified subclones (this was empirically
achieved by using 90% and 99% accounted variance thresholds). The ensuing changes in sub-
clone type distributions and ratio were negligible (cf. Fig 5E–5H). The numerical data used in
the figure are included in S1 Data.
(TIF)

S1 Table. Heterogeneity in major astrocyte types.
(DOCX)

S2 Table. List of StarTrack clones and measured parameters.
(XLSX)

S3 Table. Repeated combinations and probabilities of lumping errors.
(DOCX)

S4 Table. List of Confetti clones, measured parameters, and short-term analysis.
(XLSX)

S5 Table. Statistical analyses.
(XLSX)

S1 Data. Excel spreadsheet containing, in separate sheets, the underlying numerical data
of Figs 3A, 3B, 3C, 3D, 4A, 4B, 4C, 4D, 5A, 5E, 5F, 5G, 5H, 6D, 6E, 7G, 7H, 8A, 8E and 9B,
9C, 9D, 9E, 9F, 9G, S3A, S3B, S4A, S4B, S5A, S5B, S5E, S5F, S7H, S9A, S10A, S10B, S11A,
S12A S12B, S12C, S12D, S12E, S12F, S14B and S15.
(XLSX)
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analyses of neural lineages after embryonic and postnatal progenitor targeting combining different
reporters. Front Neurosci. 2015 Mar 17; 9:87 https://doi.org/10.3389/fnins.2015.00087 PMID:
25852461
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