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The mature neocortex consists of 6 layers,
which develop radially in an inside-out
fashion wherein the deeper layers, closest
to the proliferative regions, develop first,
followed by the superficial layers (An-
gevine and Sidman, 1961). Differentiating
neurons and progenitors express tran-
scription factors unique to their final cor-
tical layer destination (for review, see
Molyneaux et al., 2007). Until recently, it
was believed that a single dorsal telence-
phalic embryonic progenitor cell could
generate excitatory cortical neurons that
inhabit every cortical layer. This idea is
supported by data showing that single
precursor cells in vitro divide to form
clones (somewhat resembling a radial
clone in vivo) that contain all cortical layer
neuronal types, except for inhibitory neu-
rons (Shen et al., 2006). However, more
recent fate-mapping and clonal analysis
studies have revealed that there are at least
two subpopulations of telencephalic
progenitors whose distinct cell fates are
determined by their expression of the
transcription factor Cux2. Franco et al.
(2012) showed that Cux2™ precursors
give rise to superficial-layer neurons,
whereas Cux2 ™~ precursors give rise to
deep-layer neurons. The identification of
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these unique sublineages indicates that
superficial- and deep-layer neurons do
not arise from the same cortical progeni-
tor pool as previously thought.

Suzuki et al. (2012) observed that bird
telencephalic progenitors are segregated, as
in mammals, suggesting that precursor seg-
regation may be a common feature of all
amniotes. Similar to findings in mice, when
bird progenitors are cultured at clonal den-
sity, the clones generate neurons expressing
homologs of both superficial and deep-layer
mammalian transcription factors (Shen et
al., 2006; Suzuki et al., 2012). Although each
precursor holds the potential to generate
both superficial and deep-neuronal pheno-
types in mammals and birds, something in
situ prevents them from doing so.

While this segregation between clones
appears to be evolutionarily conserved,
the mechanisms controlling it are mostly
unknown. Transplantation studies dem-
onstrated the influence of external signals
on layer specification by showing that the
fate of a cell can be changed under certain
conditions. Extrinsic factors present within
the host tissue environment influence the
fate of progenitors from younger embryos
before their last S-phase. In contrast, pro-
genitors that have passed through S-phase
maintain the identity from the donor tissue
(McConnell and Kaznowski, 1991). These
findings support the existence of extrinsic
signals in the proliferative region that can
influence progenitors to commit to layer-
specific phenotypes; however, the progeni-

tors have a limited window in which they
respond to these signals.

Only a few examples of these extrinsic
signals have been identified so far. The
first extrinsic signaling molecule impli-
cated in cortical-layer fate specification
was brain-derived neurotrophic factor
(BDNF) (Fukumitsu et al., 2006). Fuku-
mitsu et al. (2006) showed that BDNF
injections alter the position and gene ex-
pression profiles of layer IV neurons to
that of deeper-layer neurons. Therefore, it
is possible that BDNF is one molecule that
regulates segregation between clones in
the ventricular zone (VZ).

While extrinsic factors that influence
layer specification are beginning to be iden-
tified, the specific effects on the transcrip-
tional program are still unknown. Diaz-
Alonso et al. (2012) showed that signaling
derived from CB, activation prevents Satb2-
mediated repression of the Ctip2 promoter,
leading to deep-layer neuronal differentia-
tion (Fig. 1).Itis possible that CB; activation
is one mechanism contributing to the
segregation of the Cux2 ~ population de-
scribed by Franco etal. (2012; Fig. 1A). An
interesting experiment would be to treat
telencephalic slices, from reporter mice in
which Cux2-lineage cells are labeled
(Franco et al., 2012) with a CB, agonist.
These studies would reveal whether
Cux2™ clones can be reprogrammed to
become deep-layer neurons (Fig. 1C). Itis
clear that overactivation of CB, leads to
reduction of Satb2 * cells. However, it is
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still unclear whether the loss of Satb2
causes respecification to a deep-layer phe-
notype, or whether the superficial-layer
specification is retained despite a reduc-
tion in Satb2 expression.

Diaz-Alonso et al. (2012) also provide
insight on the effect of extrinsic signaling
on postmitotic differentiation. To dissect
CB, effects after proliferation, the authors
used Nex-CB, /™ mice, in which CB, is
conditionally knocked-out in postmitotic
neurons. They found that after cell cycle
exit, removal of the CB, gene still led to a
decrease in the number of Ctip2 ™ neu-
rons, deficits in their subcortical projec-
tions, and impaired corticospinal motor
function (Fig. 1D; Diaz-Alonso et al.,
2012). Unlike transcription factors that
are expressed following an external trig-
ger, Ctip2 expression requires continuous
CB, signaling even after cell cycle exit.

The work by Diaz-Alonso et al. (2012)
indicates that activating CB, interferes
with Satb2’s regulation of the Ctip2 pro-
moter; however, the intracellular mecha-
nism through which this occurs is
unknown. CB, is a G-protein-coupled re-
ceptor which signals through G;,, and has
several downstream targets including ad-
enylyl cyclase, MAPK, and c-Jun as well as
K * and Ca®" ion channels (Castillo et al.,
2012). Thus, there are many possible
mechanisms through which CB,; may in-
fluence Satb2. Spontaneous activity has
been shown to regulate glutamatergic dif-
ferentiation in the developing spinal cord
via the transcription factor T1x3 (Marek et
al., 2010). Ion channels are a downstream
target of CB,, so it is possible that CB,
alters spontaneous activity to regulate
Satb2 expression in neuronal precursors.

Diaz-Alonso et al. (2012) have de-
scribed an interaction between extrinsic
signaling and the corticospinal neuronal
transcriptional programs. While questions
remain pertaining to molecular mecha-
nisms of the signaling pathway, it is now
apparent that continuous signaling after
mitosis is necessary for proper neuronal
differentiation. Identifying the source
of endocannabinoid release will be required
to achieve a more complete understanding
of how clones become segregated in the VZ.

The authors show that loss of CB, sig-
naling results not only in defects in neu-
ronal differentiation, but also that these
changes manifest in skilled-motor deficits
in adulthood. While they did not explore
the behavioral outcomes from CB, over-
activation, it is possible there would be
cognitive deficits resulting from the de-
crease in superficial-layer neurons. Clini-
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Figure 1.

(B1-mediated control of Ctip2 * clone segregation. A, (B1 activation in radial glia clones (blue cells) leads to

inhibition of Satb2-mediated suppression of Ctip2 expression, and this clone generates deep-layer neurons. The clones that do not
experience (B1 activation (green cells) generate superficial layers, such as Cux2 * (and probably Satb2 ) clones. B, Knock-out of
(B1 leads to the failure to induce Ctip2 expression and thus the differentiation of deep-layer neurons. €, Increased activation of
(B1 receptors increases the number of progenitors generating deep-layer neurons. This might happen either by increasing
(tip2 ™ progenitors (blue radial glia) or by respecifying other progenitors (e.q., Cux2 * clones; green cells), which remains to be
determined. D, Knock-out of (B1 expression after mitosis also reduces Ctip2 expression. Although cell fates do not seem to

respecify, this leads to projection defects.

cal evidence suggests that cannabinoid
exposure during development results in
cognitive deficits (Jutras-Aswad et al.,
2009). Thus, balanced CB; signaling is im-
portant for proper cortical development.
There are many common substances that
can alter endocannabinoid signaling such
as organophosphorous pesticides, etha-
nol, and tetrahydrocannabinol (THC),
the principal constituent of marijuana.
Further investigation into CB,-dependent
developmental processes will be impor-
tant for understanding the consequences
of exogenous cannabinoid exposure dur-
ing pregnancy.
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