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Cortical neurons gradually attain a post-mitotic state
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Once generated, neurons are thought to permanently exit the cell cycle and become irreversibly differentiated.
However, neither the precise point at which this post-mitotic state is attained nor the extent of its irreversibility is
clearly defined. Here we report that newly born neurons from the upper layers of the mouse cortex, despite initiat-
ing axon and dendrite elongation, continue to drive gene expression from the neural progenitor tubulin a1 promoter
(Talp). These observations suggest an ambiguous post-mitotic neuronal state. Whole transcriptome analysis of sorted
upper cortical neurons further revealed that neurons continue to express genes related to cell cycle progression long
after mitotic exit until at least post-natal day 3 (P3). These genes are however downregulated thereafter, associated
with a concomitant upregulation of tumor suppressors at P5S. Interestingly, newly born neurons located in the cortical
plate (CP) at embryonic day 18-19 (E18-E19) and P3 challenged with calcium influx are found in S/G2/M phases of
the cell cycle, and still able to undergo division at E18-E19 but not at P3. At PS however, calcium influx becomes neu-
rotoxic and leads instead to neuronal loss. Our data delineate an unexpected flexibility of cell cycle control in early
born neurons, and describe how neurons transit to a post-mitotic state.
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Introduction tions reinforce the notion that cell division is essentially

incompatible with the survival of mature neurons. How-

A longstanding orthodoxy in neurobiology is that
once formed, neurons never divide. Indeed, neurons are
the quintessential ‘post-mitotic’ cell. Attempts to induce
neurons to proliferate by either expressing oncogenes or
by inactivating tumor suppressors are well documented
in the literature, but have generally resulted in neuro-
nal death instead [1-4]. In addition, aberrant cell cycle
re-entry precedes neuronal loss under various neurotoxic
conditions, and activation of cell cycle genes by neurons
is elevated in certain neurodegenerative disorders such
as Alzheimer’s disease [5, 6]. Together, these observa-
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ever, precisely when and how during its genesis a neuron
attains this irreversible post-mitotic state is still poorly
understood. The cell cycle machinery has a role during
neuronal development. For instance, genes that regulate
phases of the cell cycle also modulate neuronal migra-
tion, axon formation, and dendrite growth and branching
[7, 8]. However, comparatively little is known about the
timing that defines the terminally differentiated state in
neurons, or in other words, when a neuron truly becomes
a post-mitotic cell. It has been proposed that during
the acquisition of morphological features that define a
neuron (i.e., axon and dendrites formation), proteins
associated with cell cycle regulation participate in these
morphological changes as part of the developmental
machinery distinct from the cell cycle control [8]. Cell
cycle exit and terminal differentiation generally are co-
ordinated, although in some context they are separable,
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suggesting that cell cycle exit and differentiation could
be different events [9]. For instance, in Drosophila it was
shown that neurons from retina could continue cycling
and undergo mitosis while maintaining characteristics of
terminal differentiation, such as axon formation [10]. It
is also possible, however, that newly born neurons are in
an intermediate state between progenitors and neurons
and that their post-mitotic nature is still not fully defined.

During neurogenesis in the cerebral cortex, neural
progenitors divide to produce neurons in the ventricular
zone (VZ) and sub-ventricular zone, which undergo fur-
ther differentiation and migrate to their final destinations
in the cortical plate in a systematic fashion [11]. A tight
coordination between these events is mediated by calci-
um signaling, which modulates various aspects of neuro-
genesis, including neural induction, migration, formation
of neural circuits and neurotransmission [12-16]. Impor-
tantly, calcium oscillations also affect the G1/S transition
of the cell cycle and thereby regulate progenitor prolif-
eration and differentiation [12, 17, 18]. Based on these
findings and with the aim of further investigating the
functions of calcium signaling in early-born neurons, we
used in situ live imaging, and directly characterized the
effects of perturbing calcium dynamics in the developing
neocortex. Here, we show unexpected cell cycle control
flexibility in early born migrating neurons in the CP,
which might depend on calcium buffering. These results
suggest that neurons transit to a post-mitotic stage gradually.

Results

Newly born neurons from upper cortical layers gradually
attain a morphological and molecular differentiated state

Neurons differentiating in the developing cortex un-
dergo complex morphological changes [11] that ultimately
lead to brain wiring. To determine when during these
morphological changes neurons establish their post-mi-
totic identity, recently generated neurons were labeled
with membrane bound GFP (F-FGP) in utero at E15.
These cells were migrating into the CP of the developing
mouse cortex at E18-E19 and have initiated axon exten-
sion (Figure 1A and 1B [11, 19-22]), suggesting that the
neuronal identity may be established during the migrat-
ing phase in the CP. Accordingly, electroporated cells
in the CP, which are migrating to their final positions,
have voltage-dependent currents characteristic of young
neurons [11]. Moreover, neuronal and glial progenitors
are restricted to the VZ and the intermediate zone (1Z)
and absent in the CP of the mouse-developing cortex
[23], before differentiated astrocytes proliferate locally
in postnatal upper layers of the cortex [24]. At E18, E15-
in utero electroporated cells in the CP are scattered and
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Figure 1 Neurons in the CP and layer Il initiated gradually neu-
ronal morphological differentiation with the formation of axon
and dendrites. (A) At E18, E15-in utero electroporated cells
in the CP are scattered migrating to their final positions and
have already initiated axon extension (arrows at the inset). (B)
At E19, migration is reduced in transfected cells which are ar-
ranged as a layer within the upper CP with single axon (arrows
at the inset). (C, D) At P3, transfected cells develop basal den-
drites (dendrites, black arrowheads; axon, arrows) and at P5
their apical dendrite, or initially leading process, is remodeled
and sculpted to a more complex structure (apical dendrite, white
arrowheads; basal dendrites, black arrowheads; axon, arrows).
Scale bar: 200 um (left panels from A, B) and 10 um (inset from
A-D).

migrating to their final positions (Figure 1A). At E19,
there is reduced migration of those transfected cells and
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they are arranged as a layer within the upper CP (Figure
1B). Eventually, transfected cells develop basal dendrites
at P3 (Figure 1C) and their apical dendrite, or initially
leading process, is remodeled and sculpted to a more
complex structure (P5, Figure 1D). These results show
that the morphological changes cells undergo within the
CP/upper layer of the developing cortex (E18-P5) are
associated with a well-defined neuronal identity. Further-
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more, co-electroporation at E15 of the pCAG-mCherry
construct with a vector expressing GFP under the control
of the neuronal pNeuroD promoter [25] revealed that
at E18 the majority of mCherry-transfected cells in the
CP co-express pNeuroD-GFP and do not express the
cell cycle marker Ki67; thus, supporting their neuronal
status (Figure 2A and 2B; GFP/mCherry = 96.21% +
2.48%; Ki67/mCherry = 3.98% + 1.67%; n = 590 cells
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Figure 2 Cells in the CP and layer Il that drive gene expression from the neuronal promoter pNeuroD and the neurogenic
intermediate neuronal progenitor promoter Ta1p. (A) Cells in the CP co-express pNeuroD-GFP/mCherry, and are not immu-
noreactive for Ki67 (white arrowheads, inset from the left panel), a marker of cycling cells. (B) Quantification of experiment
from A (P < 0.0001 by one-way ANOVA, post hoc Dunnett test ***P < 0.001; values are mean + SEM) (C) At E19 and P3,
To1p-mCherry is expressed in Venus transfected cells from the CP and layer Il, respectively. (D) Quantification of mCherry/
Venus-transfected cells in the CP and layer Il at E19 and P3, respectively (***P = 0.0002 by t-test). Scale bar: 200 pum (A)

and 20 um (inset from A, C).
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from three brains from three litters; P < 0.0001 by one-
way analysis of variance (ANOVA), post hoc Dunnett
test ***P < 0.001; values are mean + SEM). However,
at E19 and P3 pCAG-EGFP-transfected cells in the CP/
upper layer still drive mCherry expression under the Tal
promoter, which is active in neuronal progenitors [26-
28] (Figure 2C). Expression of Talp-mCherry was not
detected at P5 (data not shown) and at P3 the number of
GFP/Talp-mCherry expressing cells decreased consider-
ably compared with the number of GFP/ Talp-mCherry
labeled cells detected at E19 (Figure 2D; E19 = 47.92%
+ 2.617%; n = 3879 cells from three brains from three
litters; P3 = 13.94% + 4.480%; n = 2887 cells from three
brains from three litters; ***P = 0.0002 by r-test; values
are mean + SEM). Accordingly, it was reported that Talp
expression in vivo is maintained in developing neurons
until early postnatal life, subsequent to which its expres-
sion decreased coincidently with neuronal maturation
[29]. Altogether, these results suggest that even though
E15-transfected cells at E18-P3 displayed morpholog-
ical features of developing neurons, they might retain
molecular signatures of the neurogenic stage, indicating
that E18-P3 neurons bear a mixed, progenitor-committed
neuron, identity. This scenario suggests that attainment
of the final post-mitotic neuronal identity is a gradual
process.

To test this hypothesis, we performed unbiased ge-
nome-wide transcriptional profiling of upper layer neu-
rons at P3 and P5, the time window in which we detected
the Tal promoter to be active or silent. We electropo-
rated cortices with an enhanced YFP (eYFP)-encoding
plasmid driven by a neuronal promoter (pNeuroD) [25]
at E15 and isolated eYFP-positive upper layer (layer II)
neurons by fluorescence activated cell sorting (FACS)
of dissociated mouse cortices at either P3 or P5 (Sup-
plementary Information, Figure S1). We then extracted
whole RNA from neurons sorted in this manner and per-
formed unbiased genome-wide transcriptional profiling
using Illumina next-generation sequencing (RNA-seq)
[30]. Analysis of sequencing data using the Cufflinks
platform [31, 32] revealed a total of 322 genes that were
differentially expressed between P3 and P5. Of these,
253 genes were upregulated in P5 relative to P3, whereas
69 genes were downregulated (Supplementary informa-
tion, Figure S2; GEO accession number: GSE61845; and
Supplementary information, Table S1 for complete list of
genes analyzed). We confirmed a number of these gene
expression changes through analysis using quantitative
reverse transcription-PCR (qRT-PCR; Supplementary in-
formation, Figure S3A and Supplementary information,
Table S2).

To gain a global perspective of the biological path-

ways that could be affected by the observed transcrip-
tional changes between P3 and PS5, we subjected our list
of differentially expressed genes to Ingenuity Pathway
Analysis (IPA) (Ingenuity Systems; www.ingenuity.com)
and to an analysis of overrepresented gene ontology
(GO) terms using DAVID. Surprisingly, networks and
bio functions associated with cell proliferation featured
prominently with the IPA analysis (networks: (a) cellular
function and maintenance, cellular growth and prolifer-
ation, cell cycle; (b) cell cycle, nervous system devel-
opment and function, cellular growth and proliferation;
Supplementary information, Figure S3B; bio-functions:
proliferation of cells; P = 5.84 x 10”; Figure 3A and
Supplementary information, Table S3 for a complete list
of genes of this bio function) suggesting that the initial
neuronal post-mitotic stage could either be more plastic
than originally thought or that neurons express a mixed
molecular signature between cycling and post-mitot-
ic cells. Specifically, genes that were expressed in P3
but were downregulated in P5 included those such as
UHRF1, BRIPI, and FANCB. Uhrfl1 facilitates progres-
sion into S phase by repressing the activities of p21 and
the retinoblastoma protein (pRb) [33, 34]. Additionally,
Uhrfl is important for DNA replication itself [35] and its
overexpression can trigger S-phase re-entry in terminally
differentiated and quiescent cells [36]. In the develop-
ing cortex, Uhrfl is expressed in neuronal stem cells
[37]. Interestingly, it was reported that a transcriptional
hallmark of adult neuronal stem cells is the increased
mRNA expression level of neurogenic regulators, such
as UHRF1 [38] and that these genes could preferentially
regulate neurogenesis [38]. Moreover, it was shown that
UHRF1 is expressed in early born upper developing cor-
tical neurons [39]. Bripl and Fancb are known to partic-
ipate in the repair of replication-associated DNA damage
[40, 41]. Thus, upper cortical neurons at P3 continue
to express gene products that could potentially support
DNA replication.

In contrast, genes that were upregulated at P5 con-
sisted mainly of important negative modulators of cell
proliferation and tumor suppressors, such as ZC3HI12D,
E2F8, RPRM, DAB2, DBCI, and IKZF1 (Figure 3A
and Supplementary information, Figure S3B) [42-47].
Interestingly, Zc3h12d inhibits the progression of cells
from G1 to S phase by suppressing the phosphorylation
(i.e., inactivation) of pRb [48]. Rb-mediated silencing of
cell cycle genes is thought to be critical for maintaining
the post-mitotic state of various cell types, including
neurons and cardiomyocytes [49-52]. The upregulation
of Zc3h12d and the concomitant downregulation of
Uhrfl suggest that an elevation in pRb activity could
be particularly important for the creation of a non-per-
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Figure 3 Transcriptional landscape of cortical layer Il neurons at P3 and P5 suggests a not well-defined post-mitotic identity
at P3 compared to P5. (A, B) Scatter plots showing genes upregulated at P3 and P5 that are represented in proliferation of
cells, and neurotransmission bio-functions. (C, D) Summary of selected categories of over-represented GO terms at P3 and
P5 as calculated by DAVID. The GO categories are ranked by their associated —log(P-value). Horizontal bar (threshold) indi-

cates P<0.1.

missive state for cell cycle in P5 neurons. Accordingly,
differentiated neurons in the retina or brain have been
observed to dedifferentiate to give rise to tumors upon
reduced Rb family function or induction by oncogenes,
respectively [53, 54]. Concomitant with the upregulation
of these cell cycle inhibitors, we found that a number of
genes implicated in neurotransmission and synaptic func-
tions were also substantially up regulated in P5 neurons
(STX1A4, SYT5, SYT10, DLG4, NGRN, SNAP25, C1QA,
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and C/QB; Figure 3B). Finally, GO analysis supported
this general view with categories related to cell prolifer-
ation (neurogenesis, P-value 0.0094; cell proliferation,
P-value 0.0405; response to DNA damage stimulus,
P-value 0.0585), cell migration, axon part, and neuron
development among others over-represented at P3 (Fig-
ure 3C and Supplementary information, Table S4), while
categories related with synapse and membrane dynamics
are enriched at P5 (Figure 3D and Supplementary infor-
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mation, Table S4). Together, these results suggest that
substantial changes to the transcriptional landscape at P5
could underlie imposition of a post-mitotic state concom-
itant with neuronal specialization. In contrast, at P3 up-
per layer neurons seem to have a mixed identity between
developing neurons and cells that still retain the potential
to re-enter the cell cycle.

Newly born neurons express mAG-hGem upon calcium
influx

Based on our observations, we wondered whether the
expression of proliferation genes is sufficient to induce
cell division even when morphological differentiation
has occurred. Calcium oscillations affect the G1/S tran-
sition of the cell cycle and thereby regulate progenitor
proliferation and differentiation [12, 17, 18]. In addition,
calcium transients regulate neuronal migration [55]. For
instance, granule cells exhibit distinct frequencies of the
transient calcium elevations as they migrate in different
cortical layers, with less frequent transients when ap-
proaching their final destination and complete the migra-
tion only after the loss of calcium elevations [55]. There-
fore, we used in situ live imaging to determine whether
perturbing calcium influx is a sufficient stimulus to
evoke proliferation in cortical neurons during the E18-P5
period. Specifically, we asked whether calcium influx in
newly born neurons might evoke features of proliferating
cells. We tested different concentrations of the calcium
ionophore ionomycin (5 uM, 10 uM, and 50 pM) and
found that 5 uM of ionomycin was a concentration at
which pCAG-mCherry-transfected neurons in the CP
survived the 12 to 24 h time-lapse imaging session and
do not express caspase-3 (Supplementary information,
Figure S4). To visualize cell cycle re-entry we utilized
monomeric Azami-Green 1 (mAG), a genetically encod-
ed fluorescent probe, fused to a truncated version of the
human DNA replication licensing factor Geminin (mAG-
hGem, amino acids 1-110). mAG-hGem selectively ac-
cumulates in the nucleus of transfected cells specifically
in the S/G2/M phases of the cell cycle [56]. Importantly,
non-cycling cells that are quiescent or post-mitotic do not
show any signal with this construct [56]. Therefore the
expression of mAG-hGem can be used to indicate a cell
that has entered the cell division cycle. We introduced
pPCAG-mAG-hGem and pCAG-mCherry plasmids into
the cortex of E15 mouse embryos via in utero electropo-
ration. Time-lapse imaging analysis was then performed
in acute coronal cortical slices at E18-P5 before and after
the addition of the calcium ionophore ionomycin (5 uM).
This paradigm allowed for the assessment of mAG-hGem
expression at various ages by neurons that share the same
birth date. Neurons in ionomycin-treated slices collected

at P5 initiated the nuclear expression of mAG-hGem but
then lost both mCherry and mAG-hGem fluorescence in
a manner indicating cell death (Supplementary informa-
tion, Figure S5A and S5B). Concomitantly, we observed
a substantial increase in pyknotic nuclei (nuclei display-
ing increased chromatin condensation) among mCher-
ry-transfected neurons following ionomycin treatment at
P5 relative to either untreated or similarly treated slices
at P3 (Supplementary information, Figure S6; Control
(P3) = 7.43% + 0.80%, n = 120 cells from three slices
from three brains from three litters; lonomycin (P3) =
9.86% = 1.48%, n = 90 cells from three slices from three
brains from three litters; lonomycin (P5) = 87.93% +
6.03%, n =150 cells from three slices from three brains
from three litters; ****P < 0.0001 by one-way ANOVA,
post hoc Dunnett test ***P < 0.001; values are mean +
SEM). Importantly, upon ionomycin treatment neurons
in slices collected at E18-P3 expressed nuclear mAG-
hGem and survived the 14-24 h imaging session. 24
h ionomycin treatment induced nuclear mAG-hGem
expression in similar percentages of mCherry-electro-
porated neurons from the CP at E18-E19 and layer II
at P3 (Figure 4A-4C; E18 = 28.04% + 3.94%, n = 389
cells from 3 slices from three brains from three litters;
E19 =30.90% =+ 7.94%, n = 471 cells from 3 slices from
three brains from three litters; P3 = 41.58% + 1.48%, n
= 297 cells from 3 slices from three brains from three
litters; P = 0.2307 by one-way ANOVA; values are mean
+ SEM). However, the nuclear mAG-hGem expression
was faster in neurons from the CP (E18-E19) compared
to treated-layer II neurons at P3 (E18 ¢,,=8.23 £ 0.41 h;
E19¢,,=10.92+0.28 h; P3 ¢,,=13.98 £ 0.40 h; ****P <
0.0001 by one-way ANOVA, post hoc Tukey test: E18 vs
E19 = ns; E18 vs P3 = ***P < 0.001; E19 vs P3 = **P <
0.01; values are mean + SEM; Figure 4D). These results
suggest that final commitment or post-mitotic state is es-
tablished in a gradual process in upper layer neurons fol-
lowing a precise temporal sequence: it is weakly defined
during neuronal migration (E18-E19), gets stronger once
migration is completed (P3), and reach the irreversible
stage at P5. This could be reflected by the increased time
to express mAG-hGem at P3 compared to E18-E19 and
the observed neurotoxicity at P5 upon calcium influx.
Although calcium influx induced the nuclear ex-
pression of mAG-hGem in upper cortical neurons at
P3, which already express the neuronal marker NeuN
(Supplementary information, Figure S7A), we were not
able to detect cell divisions after nuclear mAG-hGem
expression during the 14-24 h imaging session (Figures
4B and 5). In contrast, ionomycin treatment caused a sig-
nificant increase of the neuronal progenitor marker Tbr2
immunoreactivity among mCherry-positive cells in layer
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After ionomycin 5uM

mCherry mAG-hGem
After ionomycin 5uM

Normalized mAG-hGem/mCherry ratio

Figure 4 Calcium influx induces faster nuclear mMAG-hGem expression in neurons from the CP compared to neurons from
layer II. (A) mCherry/mAG-hGem-transfected cells located in the CP at E19 express the S/G,/M marker mAG-hGem (white
arrowheads) upon ionomycin treatment (5 uM). Left panels: cortical slice used for time-lapse at E19 (in utero electroporated
at E15). Right panels: Time-lapse sequence of CP-neurons upon ionomycin treatment (inset from left panel). (B) mCherry/
mAG-hGem-transfected cells located in layer Il at P3 express the S/G,/M marker mAG-hGem (white arrowheads) upon ion-
omycin treatment (5 uM). Left panels: cortical slice used for time-lapse at P3 (in utero electroporated at E15). Right panels:
Time-lapse sequence of layer II-neurons upon ionomycin treatment (inset from left panel). (C) 24 h ionomycin treatment in-
duced similarly nuclear mMAG-hGem expression in mCherry-electroporated neurons from the CP at E18-E19 and layer Il at P3
(****P < 0.0001 by one-way ANOVA, post hoc Dunnett test; ***P < 0.001, **P < 0.01; values are mean + SEM). (D) Nuclear
mAG-hGem expression in neurons from the CP at E18-E19 is faster compared to layer Il neurons at P3 (one-way ANOVA,
post hoc Tukey test; E18 vs E19, not significant; E18 vs P3, ***P < 0.001; E19 vs P3, **P < 0.01; values are mean + SEM).
Scale bar: 150 um (left panels) and 100 um (right panel).
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Figure 5 Calcium influx induces mAG-hGem expression but not cell division in developing neurons from layer Il at P3. Neu-
ron with apical dendrite and axon (arrowhead and arrow respectively, in the time-lapse sequence) in layer Il from P3 coronal
brain slice (left panels, in utero electroporated at E15 with mCherry and mAG-hGem plasmids) express the S/G,/M marker
mAG-hGem (white arrowheads, insets from time-lapse sequence) upon ionomycin treatment (5 pM). Scale bar: 50 pm (left

panel) and 10 pm (time-lapse sequence).
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II, compared to untreated controls (82% + 3%, n = 233
cells from 3 slices vs 35% + 7%, n = 362 cells from 4
slices, respectively; P = 0.0003 by #-test; Supplementary
information, Figure S7D and S7E). We therefore decided
to explore whether successful neuronal divisions could
be induced at earlier cortical developmental stages. To
this end, we analyzed E15-transfected cells in the CP of
E18-19 cortices. Close analysis of imaged cells in the
CP at E18-19 revealed that ionomycin treatment induced
migrating neurons with a leading process and a trailing
process or axon (labeled with membrane-GFP, F-GFP),
to cease migration and undergo a transformation from the
bipolar morphology that is typical of migrating neurons
to a multipolar morphology (66% =+ 3%, n = 163 cells
from 4 slices from four brains from three litters; Supple-
mentary information, Figure S8). More surprisingly how-
ever, a subset of pPCAG-mAG-hGem and pCAG-mCherry
electroporated cells in the CP at E18 and E19 underwent
cell division (13% of 100 imaged cells, four slices from
four brains from four litters; Figure 6 and Supplementary
information, Figure S9). These results show that neurons
in the developing CP can express mAG-hGem and un-
dergo division following calcium influx.

We next explored whether the morphological changes
associated with calcium influx are cell autonomous. Be-
cause bath application of ionomycin affects the whole tis-
sue, we instead electroporated a plasmid expressing the
light-activated ion channel channelrhodopsin-2 (pCAG-
mCherry-ChR2) into cortices of E15 embryos and again
prepared brain slices for time-lapse imaging at E18.
Induction of depolarization using a short light pulse (30-
40 s; 473 nm) caused cells in the CP to stop migrating,
retract their leading and trailing processes, and produce
instead multiple small neurites that extend and retract
actively (Supplementary information, Figure S10A).
Furthermore, similar to ionomycin treatment, a subset
of light-activated mCherry-ChR2 expressing cells also
underwent cell division (Supplementary information,
Figure S10B), suggesting that cell division decision is in
fact cell autonomous. In contrast, control mCherry-elec-
troporated cells in the CP assumed neither a multipolar
morphology, nor underwent cell division following the
administration of a light pulse (Supplementary informa-
tion, Figure S10C).

Based on our findings showing neuronal divisions in
the CP at E18-E19, we attempted to characterize the fate
of the daughter cells that are produced from such division
events. Accordingly, we prepared acute coronal slices
at E19 from mCherry-electroporated brains at E15, and
then incubated the slices with ionomycin together with
the thymidine analogue, 5-bromodeoxyuridine (BrdU; 5
uM), an indicator of DNA replication, for 24 h followed
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by washout and fresh media exchange. Forty-eight hours
later, a duration when neuronal progenitors have been
shown to clonally expand [11], we fixed the slices and
evaluated BrdU incorporation into the dividing cells
using immunohistochemistry (Figure 7A). As expected,
mCherry-positive cells in untreated control slices were
mainly negative for BrdU (Figure 7B), whereas a sub-
stantial number of ionomycin-treated mCherry-positive
cells incorporated BrdU (Figure 7B and 7D; Control =
2.17% + 0.96%, n = 144 cells from three slices from
three brains from three litters; lonomycin = 35.44% +
4.36%, n = 194 cells from seven slices from three brains
from three litters; ***P = 0.0003 by ¢-test; values are
mean = SEM). To test whether these cells express neu-
ronal markers, we assessed immunoreactivity for the
neuron-specific protein, NeuN. A substantial fraction of
the BrdU-positive cells also expressed NeuN (Figure
7C), and there were no significant differences in the total
number of NeuN-positive cells among mCherry-trans-
fected cells between ionomycin-treated slices and un-
treated controls (Figure 7E; Control = 94.95% + 1.17%,
n = 117 cells from three slices from three brains from
three litters; lonomycin = 82.91% =+ 3.79%, n = 205 cells
from four slices from three brains from three litters; P
= 0.0814 by r-test; values are mean + SEM). Together,
these results suggest that cortical neurons that divide
upon calcium influx exhibit a limited proliferative poten-
tial akin to intermediate progenitors and may exclusively
produce neurons when they divide.

Discussion

Recently it was demonstrated that early neurons from
upper cortical layers could be instructed to reprogram
their identity from one neuronal subtype to another [57,
58]. This plasticity was observed during a short window
of development and was lost gradually, thus suggesting
not only that the acquisition of neuronal identity is a
gradual process, but also that the neuronal post-mitotic
state might not be acquired right after mitosis. It is gen-
erally believed that cell division is incompatible with dif-
ferentiation. However, the exact boundary between these
biological processes is not well defined. Despite the fact
our calcium ionopohore treatment bypasses aspects of
normal cell cycle control, our work uncovers a hitherto
unheard of flexibility in the development of cortical neu-
rons, wherein newly born neurons retain the potential
to divide. We think our results contribute to the advance
of the field of neuronal development and should raise
intriguing questions such as: what are the physiological
cues that promote mitosis in the developing cortex and
why newly born neurons no longer respond? Are the
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Figure 6 Calcium influx induces mAG-hGem expression and cell division in developing neurons from the CP. Neuron with a
leading process and trailing process or axon (arrowhead and arrow respectively, in the time-lapse sequence) in the CP from
E18 coronal brain slice (left panels, in utero electroporated at E15 with mCherry and mAG-hGem plasmids) express the S/
G,/M marker mAG-hGem (white arrowheads, insets from time-lapse sequence) and divide upon ionomycin treatment (5 uM).
Scale bar: 50 um (left panel) and 10 um (time-lapse sequence).
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Figure 7 Calcium influx in developing neurons induces a limited proliferative potential. (A) Diagram depicting the steps fol-
lowed during the experiments. (B) Control neurons in the CP are negative for BrdU and display a radial organization. Slices
treated with ionomycin (5 pM) and washout for 2-3 days, contain mCherry-transfected cells in the CP positive for BrdU with-
out a radial organization (white arrowheads, inset from the left panel). (C) Slices treated with ionomycin (5 uM) and washout
for 2-3 days contain mCherry-transfected cells in the CP, positive for BrdU and NeuN (white arrowheads, inset from the left
panel) that lost radial dendritic organization. (D) Quantification of mCherry-transfected cells in the CP positive for BrdU (***P
= 0.0003 by t-test; values are mean = SEM). (E) Quantification of mCherry-transfected cells in the CP positive for NeuN (P =

0.0814 by t-test; values are mean + SEM). Scale bar: 10 pm.

mitotic signals lost or are the cells unable to respond?
Indeed, our work suggests that changes in calcium buff-
ering alter cell division activity during neuronal migra-
tion in the developing cortex. Thus we could speculate
that migrating neurons might have the capacity to divide
but they are not exposed to the physiological cues that
change intracellular calcium levels and promote mitosis.
Furthermore, our data suggest that during the formation
of axons and dendrites, neurons do not have a terminally
defined post-mitotic state. In fact, the post-mitotic or ter-
minally differentiated state might be established through
a gradual process that starts with neuronal migration and
becomes well defined only when neuronal connectivity is
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achieved.

Supporting this view, our results show that cortical up-
per layer neurons might attain an irreversible post-mitot-
ic status, concomitant with a neurotoxic effect of calcium
influx and upregulation of tumor suppressors and genes
associated with synapse function, only until P5. On the
other hand, at earlier time points (E18-P3) calcium in-
flux in upper layer neurons induced the accumulation
of mAG-hGem without inducing neurotoxicity. Impor-
tantly, upon calcium influx, the nuclear accumulation of
mAG-hGem is faster at E18-E19 compared to P3, and
cell division occurs at E18-E19 but not at P3. Therefore,
the molecular signature at E18-E19 might be more asso-
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ciated with proliferation despite the fact that these cells
have already initiated axon extension. Accordingly, the
neuronal progenitor Tal promoter is more active at E19
compared to P3, suggesting that upper layer neurons exit
the proliferation state gradually. Similar observations
have also recently been made for cardiomyocytes in both
zebrafish and mice, where proliferation of cardiomyctes
was induced in response to partial surgical resection of
the heart [59, 60]. Interestingly, in the mouse heart, this
regenerative potential is also transient and is lost by P7
[60]. However, the question remains: what determines
the point of no return during neuronal differentiation? We
found upregulation of negative regulators of cell prolif-
eration and tumor suppressors at P5, such as ZC3HI2D,
E2F8, RPRM, DAB2, DBCI, and IKZF1 [42-47]. These
genes might determine the establishment of a post-mitot-
ic state. For instance, Zc3h12d inhibits the progression
of cells from G1 to S phase by suppressing the phosphor-
ylation and inactivation of pRb [48]. Rb-mediated si-
lencing of cell cycle genes is critical for maintaining the
post-mitotic state of various cell types, including neurons
in the developing cortex and cardiomyocytes [49, 50].
Accordingly, differentiated neurons in the retina or brain
could dedifferentiate to give rise to tumors upon reduced
Rb family function or induction by oncogenes, respec-
tively [53, 54]. Additionally, alterations in centrosome in-
tegrity could contribute to the neuronal post-mitotic state
as it was described for cardiomyocytes [61]. Interesting-
ly, loss of centrosome integrity during neuronal develop-
ment was reported in cultured neurons [62]. Therefore, it
is plausible that in the developing cortex, once neuronal
migration is completed, neurons transit to a post-mitotic
stage due to the loss of centrosome integrity that might
occur during dendrite outgrowth. Altogether, our results
not only suggest that the post-mitotic neuronal cell iden-
tity is achieved gradually but also shed light on potential
regulatory programs that function later on to maintain
this terminally differentiated state [63].

Materials and Methods

Fluorescent protein constructs

Venus (pCAGIG-GFP), pNeuroD-GFP, and mCherry (pCAGIG)
were kindly provided by Z Xie (Boston University). The GAP43-
GFP (F-GFP; pCAGIG) construct was a gift from A. Gartner (the
University of Leuven, Belgium). The mCherry-ChR2 (pCAGIG)
was a gift from M. Carlen (Karolinska Institutet). mAG-hGem
(pCAGIG) [56].

In utero electroporation

The Institutional Animal Care and Use Committee of the
Massachusetts Institute of Technology approved all experiments.
Pregnant Swiss Webster mice were anesthetized by intraperito-
neal injections of ketamine 1%/xylazine 2 mg/ml (0.01 ul/g body

weight), uterine horns were exposed and plasmids mixed with Fast
Green (Sigma) were microinjected into the lateral ventricles of
embryos. Five current pulses (50 ms pulse/950 ms interval; 35-36
V) were delivered across the head of the embryos.

Organotypic slice cultures

Mouse embryos were electroporated at E15 and acute coro-
nal brain slices (240 pm) were prepared at E18, E19, P3, and P5
as previously described [19]. Slices were transferred onto slice
culture inserts (Millicell) in cell culture dishes (35 mm x 10 mm,
Corning) with Neurobasal medium (Gibco) containing: B27 (1%),
glutamine (1%), penicillin/streptomycin (1%), horse serum (5%),
and N2 (1%). Slices were used for imaging (1-2 h after slicing) or
for pharmacological treatments (incubated at 37 °C in 5% CO,, for
1-2 days). We selected slices from at least three different brains
harvested at different days. We did time-lapse analysis in brain
slices before and after the treatment. Samples were not included in
the analysis if brain slices were not healthy and maintained their
shape for the duration of the experiment. Brain slices were not
considered in the experiment if they detached from the agarose.

Time-lapse imaging

F-GFP- and mCherry-positive cells were imaged on an inverted
Nikon microscope (TE 2000-S) with a 20x objective (NA 0.45).
During the time-lapse imaging, slices were kept in an acrylic
chamber at 37 °C in 5% CO,. We captured time-lapse images with
a CoolSNAP EZ camera (Roper Scientific) using NIS-Elements
software (Nikon).

Immunofluorescence

Cortical sections Brains were removed and kept overnight in 4%
FA and thereafter transferred to 30% sucrose/PBS (4 °C, over-
night). Brains were embedded in OCT compound and sectioned in
a cryostat. The 20-30 um cryosections were incubated overnight at
room temperature with 1° antibodies.

Organotypical slice sections Slices were fixed by immersion in
4% FA (30 min). Slices were removed from the slice culture in-
serts and floating sections were blocked at room temperature for
1 h with 2% goat serum and 0.2% Triton X-100 in PBS. Primary
antibodies were applied for 24-48 h at room temperature, followed
by thorough washing in 1 x PBS.

Antibodies

The following antibodies were used: rabbit anti-Ki67 (SP6,
NeoMarkers, 1:3 000), mouse anti-BrdU (M0744, Clone Bu20a,
DakoCytomation, 1:500), rabbit anti-NeuN (ABN78, Millipore, 1:1
000), rabbit anti-cleaved caspase-3 (9661, Cell Signaling, 1:500),
rabbit anti-Pax6 (PRB-278P, Covance, 1:200), rabbit ant-Sox2
(AB5603, Millipore, 1:200), rabbit anti-Tbr2 (ab23345, abcam,
1:200). Nuclei were visualized with Hoechst (Invitrogen). Al-
exa-conjugated secondary antibodies (Jackson Immuno., 1:1 000)
were applied for 1-2 h at 20 °C.

Confocal imaging

Images were taken with a Zeiss LSM 510 confocal microscope.
Z-series images were collected with 1 um steps. To perform 3D
reconstructions on stacks of images of transfected cells, only Z
sections in the same focal plane as GFP were used for analysis
and for producing figures. 3D reconstructions and Z-stack analysis
were created and performed with ImageJ software.
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Image processing

Adjustments of brightness and contrast were performed on
images. Epifluorescent images of several focal planes from the
time-lapse analysis were assembled using AxioVision software
(Zeiss). Some time-lapse sequences were processed using the
Gaussian filter to reduce noise.

FACS

Cortices from P3 and P5 pups electroporated at E15 were
dissected. Cortices from each litter were pooled and cells were
enzymatically dissociated and re-suspended in PBS. GFP positive
cells were isolated using the FACS Aria 1 (BD Bioscience) system.
Gating for GFP fluorescent cells was set using non-transfected
cortical cells. Cells were directly sorted into RLT (QIAGEN)
buffer to enhance RNA quality and efficiency.

RNA preparation, high-throughput sequencing, and bioin-
formatic analyses

Total RNA from GFP-positive sorted cells from P3 and P5
cortices of at least 6 brains for P3 and at least 6 brains for PS5 from
three different litters (2-3 brains per litter) was prepared using
QIAGEN kit according to manufacturer’s instructions. Total RNA
was qualified using an Agilent 2100 Bioanalyzer and prepared
by for sequencing using Illumina RNA-sequencing kit following
manufacturer’s instructions. High-throughput sequencing was
done on an Illumina HiSeq 2000 platform. Sequence reads were
aligned to mouse mm9 genome with Bowtie [64]. Reads with
mapping quality less than 30 were filtered out with samtools [65].
Differential gene expression (a gene was considered differentially
expressed if P value < 0.1), pathway, and GO analysis were then
generated through the use of Cuffdiff, IPA [32] and DAVID [66],
respectively. The P-value is reported by Cuffdiff software and
is not multiple-comparison adjusted. The cutoff 0.1 was chosen
to select around 200 differentially expressed genes, which is a
reasonable number for the following validation and functional
analysis approaches, such as DAVID and IPA ([32] and Trapnell C,
personal communication).

qRT-PCR analysis

RNA was extracted (QIAGEN) from GFP-positive sorted
cells from transfected cortices of at least 6 brains. Total RNA was
reverse-transcribed (Invitrogen) and quantitatively amplified on a
thermal cycler (Bio-Rad) using SYBR green (Bio-Rad) and gene-
specific primers (Supplementary information, Table S2). The
comparative C, method [67] was used to examine differences in
gene expression.

Statistical analysis

Compiled data are expressed as mean + SEM. We used the two-
tailed Student’s #-test and one-way ANOVA for statistical analysis.
Fisher’s exact test was used for the transcriptome analysis.
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