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Abstract

The ventral telencephalon is the developmental origin of the basal ganglia and the source of
neuronal and glial cells that integrate into developing circuits in other areas of the brain. Radial
glia in the embryonic subpallium give rise to an enormous diversity of mature cell types, either
directly or through other transit-amplifying progenitors. Here, we review current knowledge about
these subpallial neural stem cells and their progeny, focusing on the period of neurogenesis. We
describe their cell biological features and the extrinsic and intrinsic molecular codes that guide
their fate specification in defined temporal and spatial sequences. We also discuss the role of
clonal lineage in the organization and specification of mature neurons.
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Introduction

The subpallial structures of the cerebrum (basal ganglia, centromedial extended amygdala,
septum, preoptic region) are originated from the ventral half of the telencephalon during
embryonic development [1]. The embryonic subpallium is also the source of all cortical
interneurons [2], which must undergo a long tangential migration before settling into and
refining developing cortical circuits [2, 3].

The ventral telencephalon is subdivided into four major anatomical regions, which are the
source of specific mature structures [Fig. 1]. Around the 12t embryonic day (E12) in the
developing mouse brain, two ganglionic eminences, swellings of the neuroepithelium
protruding into the lateral ventricles, can be distinguished in rostromedial positions along the
rostrocaudal axis of the telencephalon [Fig. 1A,B]. The dorsal-most one, located adjacent to
the developing neocortex, is known as the lateral ganglionic eminence (L GE), and is the
origin of the striatum. The ventral-most one is located medially with respect to the LGE, and
is thus known as the medial ganglionic eminence (M GE); pallidal structures (globus
pallidus, ventral pallidus) are mostly derived from this region. Immediately ventral to the
MGE lies the anterior entopeduncular area (AEP), composed of the septal anlage in
rostromedial locations, and the embryonic preoptic area (PoA), positioned more caudally;
both of these structures give rise to their mature counterparts. The LGE and MGE fuse into a
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third proliferative region, the caudal ganglionic eminence (CGE), towards the caudal end
of the telencephalon [Fig. 1A,B] [1]. The MGE, CGE and PoA are the source of most
GABAEergic neurons of the cerebrum [4, 5] which, like most cells derived from the ventral
telencephalon, need to undergo substantial migration before reaching their final destination
and integrating into developing circuits [3] [Fig. 1A,B].

As in other parts of the developing central nervous system, the initial population of
neuroepithelial cells in the subpallium differentiates into radial glia (RG); this transition
occurs around embryonic day 10 in the telencephalon[6]. RG are the origin of all neurons
and glia generated in the ventral telencephalon, either directly or through other neural
progenitor cell types subsequently derived from them [7] [Fig. 2C]. The cell bodies of radial
glia are located in the ventricular zone (VZ), a germinal region lining the ventricle; along
development, new types of progenitors are generated and establish a new proliferative area
immediately basal to the VZ, the subventricular zone (SVZ) [Fig. 2]. The SVZ soon
overtakes the VVZ as the main site of cell proliferation within the ganglionic eminences [8].

Neurogenesis is defined as the period of development during which neurons are generated
from progenitor cells located within germinal zones. In the ventral telencephalon of the
mouse, neurogenesis covers most of the second half of embryonic development
(approximately from E10 to E16/17), largely overlapping with cortical neurogenesis [9].
This period overlaps partially with the subsequent process of gliogenesis, or generation of
glial cells [10], which is still largely understudied in the ventral telencephalon and lies
beyond the scope of this review [11].

An enormous diversity of cell types is generated from subpallial progenitors. This diversity
is determined along spatial and temporal axes. The spatial axis refers to the different
germinal zones and smaller subdomains within each structure, associated with different
cellular outputs [12]. The temporal axis refers to the production of different cell types from
subpallial progenitors in defined sequences along development, particular to each germinal
area; this is analogous to the inside-out pattern of neuronal generation in the cortex [13]. For
example, the LGE produces striatal medium spiny neurons following distinct spatiotemporal
gradients [14], with neurons in the patch compartments being born earlier (E12-13) than
those in the matrix (E13-16) [15-17]. Likewise, cortical interneurons derived from the MGE
are destined for distinct cortical layers according to their time of generation, largely
following the inside-out pattern characteristic of cortical pyramidal cells [18-20]. Neurons
in other regions of the basal ganglia also acquire different positional and functional identities
depending on their birth date, such as those in the accumbens (shell neurons are generated
first, followed by core ones [21]); globus pallidus (the MGE-derived subpopulations of
neurons are born earlier, followed by the LGE-derived ones [22]), and septum (formed
following an “onion-skin-like” early- to late-born inside-out pattern [23]).

Much research has focused on the developing neocortex; as a result, the diversity and cell
biology of cortical progenitors, the relationships between them and the molecular control
and spatial organization of their cellular output are beginning to be understood [24, 25].
However, comparatively little is known about these aspects of ventral telencephalon
development, with the majority of studies published so far focusing on the MGE and the
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production of GABAergic forebrain interneurons [7, 26]. In this review, we will discuss the
cell biology of subpallial radial glia and the different progenitor types derived from them.
We will focus on studies performed /n vivo, most of which have used mice as experimental
models. We will summarize the extrinsic and intrinsic mechanisms of molecular
specification guiding the production of different mature neuron types from those
progenitors, paying special attention to the transcriptional circuits underlying cell fate
decisions. Finally, we will describe recent advances towards understanding the role of clonal
lineage in the organization of neural circuits, i.e., how cortical interneurons derived from the
same subpallial radial glial cell are distributed within the mature brain.

Cell biology of radial glia in the ventral telencephalon

Radial glia in the ventral telencephalon share the main cell biological characteristics and
marker expression profiles of those in other parts of the developing central nervous system
[6]. They have a bipolar morphology, with an apical process that maintains contact with the
ventricular surface, and an elongated basal process reaching beyond the ventricular zone
[Fig. 2B, red]. In ventral radial glia, the apical junctional complexes and their surroundings
contain classic polarity proteins such as 3-catenin, N-cadherin, Numb or ZO-1 [27-29].
However, the loss of polarity protein Lgll causes a dramatic loss of polarity specifically in
radial glia located in the ganglionic eminences [28], suggesting that there might be
differences in polarity determinants between dorsal and ventral RG. These processes are
kept throughout the cell cycle, during which RG perform an evolutionarily conserved
movement known as interkinetic nuclear migration (INM), whereby their nuclei undergo S-
phase at the basal end of the VZ and mitosis at the ventricular surface, moving between
these locations through G1 and G2 [8, 30-32]. The duration of the different phases of the
cell cycle of subpallial progenitors could presumably play an important role in their
expansion and the diversity of their neuronal output, as it does in the developing cortex [33,
34]. As early as E10.5, progenitors in the MGE have a slightly longer cell cycle than those in
the LGE, possibly reflecting an earlier onset of neurogenesis [35]. The cell cycle of slightly
later (E11-E12) LGE progenitors in the VVZ was studied in greater detail, and found to be
longer than that of cortical progenitors at the same stages, with S-phase taking up
approximately half of the total cell cycle length and a trend towards overall cell cycle
lengthening along development [36]. Later studies confirmed that the SVZ of the LGE
contained a separate progenitor population with similar cell cycle parameters [37]. Recently,
live imaging experiments demonstrated that the progeny of RG in the LGE have
progressively shorter cell cycles, presumably as an additional mechanism to amplify the
output of single progenitors [31]. Changes in cell cycle parameters have significant effects
on the cellular output from subpallial progenitors: in the MGE, the loss of G1/S phase-
specific cyclin D2 in the MGE decreases SVZ proliferation and increases cell cycle exit,
causing a reduction in the number of a subgroup of late-born cortical interneurons
(parvalbumin-positive: see below) [38]. Likewise, the length of S-phase of LGE progenitors
is decreased as they undergo a major developmental transition late in striatal neurogenesis,
switching from producing striatonigral to striatopallidal medium spiny neurons [39]. These
findings suggest that cell cycle regulation is important for the proliferation and
differentiation of subpallial progenitors [40], and highlight the need for further studies
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taking into account the diversity of germinal zones and progenitor types in the subpallium.
Throughout neurogenesis, cortical radial glia maintain contact with the basement membrane
of the pia (the innermost layer of the meninges), through their endfeet, small ramifications
branching out from the tip of their basal processes. In contrast, most basal processes of RG
in the ganglionic eminences do not reach the pia [14, 41], but rather contact blood vessels in
the SVZ or MZ [29, 42] [Fig. 2B]. The basal processes of RG in the MGE progressively lose
contact with the pial basement membrane as the tissue expands during development. Except
for early-born RG, which appear to preserve the pial contact, the basal endfeet of RG in the
GE display very dynamic behavior, actively searching for and wrapping around
periventricular or marginal zone vessels; vascular anchorage seems to be critical to maintain
normal numbers of progenitor divisions and to preserve their neuronal output [29]. A similar
process is observed in the dorsal telencephalon of the developing human brain, where radial
glia switch basal contact from the pia to blood vessels as the greatly enlarged SVZ of the
human cortex expands [43]. Future research will be necessary to clarify whether the switch
in endfeet attachment is a consequence of SVZ expansion, a reflection of changes in RG
identity, or both.

RG give rise to other progenitor types

During early stages of neurogenesis in the ganglionic eminences, most progenitor divisions
(presumably from RG) occur at the ventricular surface. As development proceeds, some
cells start dividing at basal locations, marking the appearance of the subventricular zone
(around E11 in the MGE, and E12 in the LGE [8], which progressively increases in size and
number of mitotic cells, until it eventually overtakes the VVZ as the main site of progenitor
proliferation around mid-neurogenic stages (E13-E14: [8, 14, 31]) [Fig. 2A]. The expansion
of the SVZ is associated with an increase in the variety of progenitor types present in the
ganglionic eminences, which in turn might be related to the production of different neuron
subclasses [40].

Radial glia are the source of a variety of additional progenitor types in ventral telencephalic
structures, and thus give rise, either directly or indirectly, to all subpallium-derived neural
cells [Fig. 2]. Radial glia divisions in the ganglionic eminences display a cleavage plane
largely perpendicular to the ventricular surface throughout neurogenesis [8, 14, 27]. Direct
observation of RG behavior through time-lapse imaging confirmed that they mostly undergo
asymmetric, self-renewing divisions at mid-neurogenesis, usually giving rise to a new RG
and another progenitor, both in the LGE [27, 31] and the MGE [30, 44]. Four additional
types of progenitors, with diverse proliferative potentials, have been described so far in the
ganglionic eminences: short neural progenitors (SNPs), subapical progenitors (SAPS),
intermediate progenitors (1 Ps), and outer radial glia (0RG) [Fig. 2B]. So far, all of these
progenitors appear to have the capacity to self-renew and/or generate neurons directly, but
they can be broadly categorized into more “stem-like”, such as SNPs and oRG, and more
“transit-amplifying”, in the case of SAPs and IPs. The former normally undergo several
rounds of cell division, usually self-renewing or generating other progenitors, while the
latter tend to give rise to neurons by undergoing terminal divisions, either directly or after
one or few rounds of amplification [Fig. 2C]. However, this distinction does not appear to be
too sharp; the hierarchy of these progenitors is likely to be only loosely directional, as in the
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cortex of gyrencephalic mammals [45] [Fig. 2C]. Progenitor diversity and behavior in other
ventral germinal zones, such as the CGE, the preoptic area or the septal anlage, have not
been studied in detail so far.

Other VZ progenitors

Short neural precursors[Fig. 2B, orange] display an apical process contacting the
ventricular surface and a short basal process that does not reach the pial surface and is
retracted before mitosis. These cells were initially described in the developing neocortex
[46], where they typically undergo a single round of division at the ventricular surface,
giving rise to two neurons [47]. Recent studies have found evidence for the presence of
SNPs in the LGE [31] and MGE [48]. In the MGE, SNPs seem to exhibit a slight bias
towards neurogenic divisions, bypassing the production of I1Ps [48]; however, live imaging
experiments performed in the LGE found that they normally undergo proliferative divisions,
self-renewing and/or giving rise to further transit-amplifying progenitors (but not to RG),
and rarely terminal neurogenic divisions [27, 31]. While most RG in the VZ display division
planes nearly perpendicular to the ventricular surface, SNP divisions normally display a
tilted spindle orientation, resulting in an oblique cleavage plane [8, 14, 27]. Randomization
(both constitutive and acute) of spindle orientation in the mid-neurogenic LGE reduces the
number of asymmetric self-renewing RG divisions, increasing the production of SNPs at the
expense of RG without affecting the apical vs. non-apical progenitor ratio or the polarity of
VZ progenitors [27]. This suggests that naturally occurring changes in the spindle
orientation of RG at specific stages of development could lead to their transition to other
progenitor types.

Progenitor cells in the LGE undergoing mitosis at basal locations within the VZ, rather than
at the ventricular surface, were first described forty years ago as “subsurface ependymal
mitoses” [8]. These cells were recently described as VZ progenitors that maintain an apical
process in contact with the ventricular surface throughout their cell cycle, with or without a
basal process; they divide at non-apical locations, and were thus named subapical
progenitors[27, 31] [Fig. 2B, yellow]. SAPs do not seem to have the ability to generate RG
or SNPs (while both of these progenitor types can generate SAPS), but rather to self-renew
or give rise to SVZ progenitors such as IPs and oRG (see below), suggesting that they
occupy a middle ground in the transit-amplifying progenitor lineage within the LGE [31].

SVZ progenitors

Ventral inter mediate progenitor s appear similar to those in the cortex: they display a
multipolar/non-polar morphology, without any distinct apical or basal processes, and
generally undergo a single round of terminal division in the SVZ, generating two cells with
neuronal morphology and behavior [30, 31, 44] [Fig. 2B, green]. This, together with the fact
that they can be generated from any of the progenitors described so far, suggests that they
could be the last step within the progenitor lineage of the ganglionic eminences. However,
there have also been reports of self-renewing IPs in rodent ganglionic eminences [31, 44],
although the overall frequency of this type of division has yet to be determined.
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Outer radial glia (0RG, also known as basal radial glia), monopolar progenitors that
maintain a basal process, but no apical contact, throughout their cell cycle, have recently
been described in the LGE [31] [Fig. 2B, blue]. oRG have the capacity to self-renew, and are
usually derived from the basal daughters resulting from asymmetric divisions of bipolar
SAPs [31]. The presence of abundant oRG and related progenitors seems to be highly
correlated with SVZ enlargement in the cortex of gyrencephalic species [49]. SAPs, which
give rise to oRG in the LGE, are present in the cortical VZ of gyrencephalic animals, but
virtually absent in lissencephalic species, drawing interesting parallels with the ganglionic
eminences of the mouse (see below).

Progenitor types in the ganglionic eminences, expansion of the

proliferative zones and daughter cell fate

As discussed above, radial glia are the start of the progenitor “lineage tree” in the ganglionic
eminences [Fig. 2C]. Along the period of subpallial neurogenesis, they generate a diversity
of additional progenitors, presumably through increasingly asymmetric cell divisions. In
general terms, RG give rise to SNPs, which in turn generate SAPs, which are a source of
oRG and IPs; this sequence, however, seems to be quite flexible, in that more committed
progenitors (such as IPs) can be derived from any of the more stem-like (and more RG-like)
progenitor types [31] [Fig. 2C]. The current knowledge of the field is quite limited: most of
the progenitor types described here, as well as their behavior and morphology, have been
described very recently, and almost exclusively during mid-neurogenic stages [27, 30, 31,
44]. A recent study reported that within the MGE, SNPs and IPs are biased to produce two
different subtypes of cortical interneurons (expressing the mutually exclusive markers
somatostatin and parvalbumin, respectively) [48], in line with a previously suggested cell-
cycle related mechanism that predicted such a VZ/SVZ bias [40]. While this study focuses
only on one developmental stage, and does not account for the possible generation of
neurons from progenitor types other than SNPs and IPs [48], it raises the interesting
possibility that the diversification of MGE progenitors might be correlated with the
extremely diverse cellular output from this region.

An increase in progenitor diversity has been correlated with the evolutionary expansion of
the SVZ in the dorsolateral telencephalon of primates, ultimately leading to the enhanced
complexity and computational power of their mature neocortex [45]. This suggests that the
expansion (evolutionary and/or ontogenic) of the SVZ within any area of the developing
brain might require an increase in the numbers and/or diversity of transit-amplifying
progenitors. This is consistent with the recently discovered presence of a great variety of
progenitors (including SNPs, SAPs, oRG, and IPs; Fig. 2B,C) in the ganglionic eminences
of the mouse, where the SVZ largely outsizes the VZ throughout most of the neurogenic
period [8, 14]. More progenitor types might be described in the rodent subpallium in the
near future, such as the bipolar and monopolar RG recently described in the developing
neocortex of gyrencephalic species [31] including primates [50], or proliferative IPs similar
to those found in the MGE of primates [51]. Studying the different transitional forms and
lineage hierarchy among these progenitors is likely to be fundamental to understand the
extremely diverse cellular output derived from the developing subpallium [45]. The rodent
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ganglionic eminences could thus provide an unexpected model to study the evolution of
SVZ expansion that might underlie the increase in size of specific brain areas in many
vertebrate species [52]. In further support of this idea, the greatly expanded OSVZ in the
MGE of primates contains at least one additional subtype of nonpolar progenitors, which
could be similar to the proliferative IPs described in the mouse [51, 53].

Future research should address the full extent of this progenitor diversity across
developmental stages (for example, the effect of spindle randomization on VZ progenitors in
the LGE seems to be highly stage-dependent [27] and ventral telencephalic areas
(remarkably, very little is known about the types of progenitors present in the AEP and their
proliferative behavior, other than the fact that the PoA seems to lack a SVZ [5]). It would be
particularly informative to study the molecular events guiding the progression between
different progenitor types (for example, the production of SAPs and IPs seems to depend on
the expression of the transcription factor Ascl1 [31]).

Extracellular signals and cell fate determination

As in other parts of the developing embryo, extracellular cues play fundamental roles in the
specification of progenitors in the ventral telencephalon. Morphogens are diffusible
molecules secreted from defined locations, or organizing centers, within a developing tissue.
They act as fate determinants in a concentration-dependent manner, such that progenitor
cells will respond to a morphogen according to their specific location along its diffusion
gradient. In the mouse embryo, the telencephalon is specified into dorsal and ventral
domains before the onset of neurogenesis, and further patterned into distinct progenitor
regions through the action of multiple morphogens secreted from different organizing
centers [54-56]. The environment or niche in which neural progenitors are located plays a
fundamental role in their cell fate specification, providing additional signals from diverse
non-neural cell types [57]; while this has been widely researched in other parts of the
developing CNS, little is known about the ventral telencephalic niche. We will briefly
describe the main extrinsic factors that have been shown to have key functions in the context
of ventral subpallial development, focusing on their effects on progenitor proliferation and
fate specification.

Sonic hedgehog (Shh), a secreted protein from the hedgehog family, is critical for the
formation of ventral telencephalic structures [58, 59]. Shh specifies ventral telencephalic
progenitors in a temporally defined manner [60]: early ablation of Smoothened, the
canonical downstream effector of Shh, in the telencephalon, completely abrogates the
formation of ventral structures and cells derived from them [61], while its deletion in the
entire CNS after the onset of neurogenesis has a milder effect, causing a reduction in MGE
size but largely preserving ventral patterning [62]. Shh is initially produced by cells in the
ventral midline of the developing telencephalon [59]. As development proceeds, postmitotic
neurons in the mantle zone of the dorsal part of the MGE (dMGE) start secreting this protein
as well [63]. Progenitors in the dMGE respond to the presence of Shh, activating
downstream targets [64, 65] that ensure correct cell fate specification. In the MGE, Shh is
required to maintain a balanced output of distinct interneuron subgroups, through both cell-
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autonomous [66] and non-cell-autonomous [65] mechanisms, mostly involving the
transcription factor Nkx2.1 (see below).

Retinoic acid (RA), a metabolite of vitamin A, is a morphogen known to play a critical role
in CNS development [67], especially in the cortex [68]. On the ventral side of the
telencephalon, components of the retinoic acid pathway are highly expressed in the
developing striatum [69]. In the LGE, RA and its receptors are expressed by radial glia [70]
and SVZ/MZ cells [71] from E11 and throughout the neurogenic period. Local synthesis of
RA in the ventral telencephalon does not seem to play a role in patterning the ventral
telencephalon [72], but it is critical for the specification of LGE-derived GABAergic
neurons [73], including the DARPP32-positive medium spiny neurons of the striatum, in a
process regulated by the transcription factor Gsx2 [70, 74]. The detection of RA by different
receptors might underlie the differentiation of LGE progenitors into specific subtypes of
striatal neurons [75, 76].

Whnt is another family of morphogen proteins critical for early telencephalon patterning,
secreted from the dorsomedial-most aspect of the developing forebrain, or cortical hem [77].
The canonical Wnt signaling pathway acts through the transcriptional coactivator 3-catenin.
Loss of B-catenin before the onset of neurogenesis leads to severe dorsoventral patterning
defects, causing ventralization of the telencephalon; if the loss occurs after E11.5, no major
patterning defects are observed [78]. This pathway is involved in maintaining the MGE/PoA
progenitors in the cell cycle, since B-catenin deletion in this region greatly decreases their
proliferation, without seemingly altering the fate of differentiated cells derived from it [79].
Furthermore, the Wnt pathway is at least partially responsible for cell fate switches in
progenitors in the MGE, where the Wnt3a protein acts through the Ryk receptors expressed
in nestin-positive radial glia to promote neuronal over oligodendroglial differentiation [80].

Fibroblast growth factors (FGFs) are another family of growth factors critically involved
in telencephalon determination (mice without FGF receptors fail to develop a telencephalon
[81] and patterning [82]. Two main FGF ligands, Fgf8 and Fgf15, act downstream of SHH
via FoxG1 to promote regional MGE and CGE identity, respectively [83, 84]. Loss of Fgf8
reduces proliferation in ventral structures as early as E9, causing a great decrease in the
expression of Shh and other ventral markers by E12.5, with the consequent dorsalization of
the telencephalon [85]. Similar dorsalizing effects were observed when FGF receptors 1 and
3 were deleted at the same time, in a process downstream but independent of SHH signaling
[86]. Beyond patterning, the FGF pathway acts to maintain the radial glia-like identity and
proliferation of progenitors in the ganglionic eminences, either through Notch activity [87]
or through specific adaptor proteins called FRS, which are dispensable for the formation of
the MGE but necessary for the proliferation of cells in its VZ and especially SVZ, which
might reflect different effects of FGF signaling on different progenitor types [88]. This
pathway seems to be critical for the formation of the septum: cells derived from the partially
overlapping Fgf8- and Fgf17-expressing lineages contribute to form the mature septum [89],
which is completely absent in mutants lacking the former gene [85].

Itis highly likely that other types of signaling events take place in concert with these
pathways to convey extrinsic information to subpallial progenitors, contributing to establish
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the fate and behavior of their progeny [57, 90, 91]. However, at present there are still few
published studies addressing either short-range interactions, such as those mediated by
Notch signaling [16, 92], attractive/repulsive signals like Slit/Robo [93] or direct contact of
the basal process of radial glia with blood vessels [29], or long-range signaling by other
diffusible factors such as TGF-B [94], EGF [95], BMPs [96], or other cytokines [97] in the
context of the ventral telencephalon. More research will be necessary to understand the
effect of these and other extrinsic cues on different progenitor types within distinct
progenitor zones, their potentially dynamic contributions to cell fate specification across
developmental stages, and especially the interactions between different pathways [55].

Intrinsic determination of subpallial cell fate

LGE

Throughout the developing nervous system diversity arises from spatial and/or temporal
differences in the specification of neural progenitors. This is classically illustrated in the
developing spinal cord, where combinatorial codes of homeodomain transcription factors
define spatially segregated progenitor domains, which generate different neural cell types
along development [98, 99]. Transcription factor codes appear to correspond to both
anatomical boundaries and the fate potential of spatially restricted ventral telencephalic
radial glia and progenitors. Several transcription factors are broadly expressed in all
subpallial progenitor zones responsible for the production a wide diversity of neural cell
types [Fig. 3A]. This is the case of homedomain DIx genes [100, 101], the proneural bHLH
transcription factor Ascll (the expression of which appears to be restricted to more
differentiated progenitors rather than radial glia [102] or the bHLH transcription factor
Olig2, which is often co-expressed with DIx2 and Ascl1 [103].

While there has been significant progress in identifying region-specific patterns of gene
expression, translating these patterns into a combinatorial transcription factor “code” for cell
fate specification has been challenging [104]. One issue is that many of the subpallium-
specific transcription factors studied so far are expressed in gradients; thus, the effects of
these factors on cell fate specification are likely to depend not only on their expression in a
particular location, but the level at which they are expressed across a given spatial axis [56,
105]. Another issue is that besides the spatial bias guiding the fate of radial glia and other
progenitors, there is a precise temporal sequence dictating when distinct subgroups of
neurons and glial cells are produced. Here, we will summarize the current knowledge about
the fate specification of progenitors in the different subpallial germinal zones [Fig. 3], and
try to describe the “molecular logic” that is beginning to arise from recent studies [12, 106,
107].

The lateral ganglionic eminence is the primary source of medium spiny GABAergic
projection neurons of the striatum and adult neural stem cells that will produce the majority
of postnatal olfactory bulb interneurons in rodents. Isl1 and Sp9 appear to be differentially
expressed in the early-born striatonigral and late-born striatopallidal lineages respectively
[108, 109]. The zinc-finger protein Helios controls the transition of LGE progenitors through
the production of these two lineages [39]. The dorsal portion of the LGE (dLGE) lies
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immediately adjacent to the cortex, ventral to the pallial-subpallial boundary, and is
characterized by expression of Gsx2, Er81 and low levels of Pax6. Pax6 and Gsx2 appear to
work cooperatively during patterning to set the pallial-subpallial boundary [110]. The
ventral domain of the LGE is distinguished by the expression of Gsx2 and Nkx6.2 [Fig. 3A];
whether there are functional differences between neurons derived from dLGE and VLGE is
still unclear [111]. Recent clonal lineage fate mapping experiments suggest that striatal
projection neurons and olfactory interneurons are derived from common radial glial cells
prior to E13 in the mouse [112].

A wide variety of GABAergic neurons are born from progenitors located in the MGE. This
region is the main source of cortical interneurons, which can be categorized into two broad
but non-overlapping subgroups distinguished by their expression of parvalbumin (PV) or
somatostatin (SST), which encompass a collection of more distinct interneuron subtypes (for
example, the late-born Chandelier cells, a subset of which are PV+ [113]). The expression of
these histological markers also corresponds with distinctive physiological properties: PV+
interneurons are fast spiking, while SST+ neurons are primarily regular spiking and low
threshold spiking cells [114]. Nkx2.1 is a homeodomain transcription factor expressed in
progenitors and subsets of postmitotic neurons in the MGE, PoA and part of the septal
anlage [101]. Loss of Nkx2.1 in the MGE causes cells to adopt more dorsal (LGE- and
CGE-like) fates [115, 116]. Nearly all of the cholinergic pallidal projection neurons derived
from the ventral MGE and POA are also lost in Nkx2.1 mutants [116, 117]. These findings
have led to the idea that Nkx2.1 functions as a master regulator of MGE progenitor cell
identity; however, this transcription factor alone is not sufficient to account for the
specification of the wide diversity of GABAergic neurons derived from the MGE. There is
evidence that the MGE can be divided along its dorsoventral axis into at least two distinct
spatial domains that show clear biases in the production of SST and PV interneuron
subgroups, with progenitors in the dorsal MGE (dMGE) biased toward the production of
SST+ interneurons, and those in the ventral MGE (VMGE) towards PV+ subtypes [65].
Nkx6.2 is expressed in the dIMGE progenitor zone and extends dorsally across the
interganglionic sulcus, into the ventral LGE [Fig. 3A], and caudally to the ventral CGE [111,
118, 119]. While a wide diversity of interneuron subgroups is derived from the Nkx6.2
progenitor domain, there is a bias towards the production of SST+ interneurons in this
region [111]. This is further substantiated with transplantation studies, where fluorescent
labeled dMGE precursors transplanted into recipient animals primarily develop into SST+
interneurons [120]. Conversely, transplantation of ventral MGE (VMGE) precursors yields
mostly PV+ subtypes [120].

The caudal ganglionic eminence is the second largest source of cortical interneurons,
producing subtypes that express serotonin receptor 3c (5-HTR3c), together with reelin
(RLN), calretinin (CR) and/or vasointestinal peptide (VIP) [121]. Fate mapping and
transplantation studies have shown that most neurogliaform and bipolar GABAergic cortical
interneurons are derived from the CGE [122]. Despite the different fates of neurons
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originating from the CGE, a distinct transcription factor code defining this region has thus
far been elusive: molecularly, the CGE is defined by its expression of pan-subpallial
transcription factors and the lack of Nkx2.1 [11]. Many of the genes that have been shown to
be involved in the specification of CGE interneurons have overlapping patterns of expression
in other GE domains; these include Gsx2, which is highly enriched in the LGE, and Prox1,
which is also expressed in MGE and LGE progenitor zones [123, 124]. Prox1 expression,
however, is maintained in CGE-derived interneurons throughout their maturation, while it
shuts down in the MGE-derived ones shortly after they leave the cell cycle [124].

The preoptic area (PoA) produces approximately 10% of the total population of cortical
interneurons, in subtypes largely overlapping with those derived from other regions,
including PV+, SST+ and RLN+ interneurons, as well as the majority of the cholinergic
neurons in the globus pallidus and striatum [117, 125, 126]. Like the neighboring MGE, the
PoA also expresses Nkx2.1, but only low levels of Olig2 [5]. The anatomical structure of the
PoA is unique from the MGE and LGE in that it lacks a discernable subventricular zone,
suggesting there may be key differences in the composition of progenitor types and the
patterns of cell division in these regions [5]. Nkx5.1 and Dbx1 appear to demarcate two
distinct progenitor domains within the PoA [125]. However, PoA-derived PV+ and SST+
neurons are restricted to deep cortical layers, suggesting they may have important functional
differences with their MGE-derived counterparts [125].

The embryonic subpallial septum is the source of the GABAergic and cholinergic projection
neurons that will make up the medial and lateral divisions of the mature septum and the
diagonal band nuclei [23, 127]. The progenitors of the septal anlage express pan-subpallial
transcription factors (DIx, Ascll, Olig2, Vax1) [104, 128]; interestingly, the loss of Vax1
results in complete ablation of the septum while only partially depleting cells derived from
other ventral proliferative regions, suggesting that this factor plays a key role in septal
development [129]. The septal anlage is characterized by the expression of transcription
factors from the Zic family that are required for its proper development [130, 131] [Fig. 3A].
Part of the subpallial septum also expresses Nkx2.1 [131], which is required for the
production of cholinergic projection neurons in the septum [132]. However, the fate potential
of progenitors derived from these discrete molecular domains has only begun to be explored.
A small subset of cells in the dorsal medial septum is pallial in origin, as evidenced by their
expression of the transcription factors Emx1 and Tbrl; these cells are derived from the
cortical hem, a dorsomedial pallial domain that also expresses Zic family transcription
factors [1, 101, 130]. Septal progenitors do not produce cortical interneurons, but recent
findings suggest that Zic-positive postnatal neural stem cells may descend from embryonic
septal progenitors [131, 133].
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Differential interpretation of transcription factor codes

The ability of subpallial progenitors to acquire distinct cell fates changes across
development, as they transition through a sequence of competence states to produce their
diverse neural progeny [12]. This implies that within each spatially distinct subpallial
proliferative zone all cell types generated throughout development very likely arise from
common radial glial progenitors. As discussed above, the sequential production of different
cell populations is a constant theme throughout subpallial development, and is reflected by
the different combinations of transcription factors expressed at each stage. For example,
striatal patch neurons are produced during early neurogenesis, when Ascll is expressed in
the proliferative zones of the LGE, while functionally distinct matrix neurons are produced
later from Ascll1+, DIx1/2+ progenitors [134]. However, the generation of the enormous
diversity of neuronal and glial output from subpallial progenitor domains is likely to require
additional levels of cell fate control, beyond the expression of a relatively reduced set of
spatially confined transcriptional regulators. Epigenetic changes in radial glia and their
progeny are likely to influence their fate potential, since modifications of chromatin
structure can significantly alter the availability of enhancer/promoter regions of genes
regulated by a particular transcription factor. Recent work examining the molecular function
of NKX2.1 during specification of MGE interneurons beautifully illustrates how the
synergistic activity of co-expressed transcription factors along with dynamic changes in
chromatin can produced coordinated cell type and stage specific patterns of gene expression
[107]. Nkx2.1 in VZ progenitors binds to distal regulatory elements and functions to
promote repressive chromatin state. As progenitors differentiate, Nkx2.1 coordinates with
the postmitotic transcription factor Lhx6 to promote permissive chromatin states and
transcriptional activation of cell type specific gene programs. Future research is necessary to
understand the mechanisms that underlie the changes in temporal competence guiding the
generation of different progenitor types within a given lineage [Fig. 3B]. This should
comprise efforts to understand not only the complex transcriptional codes present in each
germinal region [Fig. 3A], but also how they relate to the dynamic changes in chromatin that
coordinate cell type and stage specific gene expression programs. Understanding the
changes in progenitor types and competence should be an important step towards
understanding how the enormous diversity of subpallium-derived neural cell types is
generated.

Integration of signals for lineage progression

Despite the growing body of knowledge about the extracellular cues and the intrinsic
molecular programs guiding progenitor cell fate specification [55, 135], little is known about
how these signals influence each other to ensure that subpallial radial glia produce other
progenitors and/or postmitotic cells in the right numbers and following appropriate
developmental sequences [90]. Each progenitor subtype within the developing telencephalon
has unique cell biological features that can influence its ability to receive extracellular
signals. As an example, RG maintain basal and apical processes throughout their cell cycle,
which allow them to contact blood vessels and the ventricular surface, respectively [Fig.
2B]. Given the extensive self-renewing potential of these progenitors, it could be speculated
that extrinsic cues conveyed through either of those contact sites have an effect on the ability
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of any progenitor type to proliferate. In line with this idea, other progenitor types that keep
contact with either the ventricle (SNPs, SAPSs) or blood vessels, either in the SVZ/MZ or in
the meninges (0RG), seem to have greater proliferative potential than those that have no
contacts with either surface (IPs) [Fig. 2B,C]. This raises the possibility that signals
produced in different parts of the developing embryo might guide telencephalic progenitors
through their temporally defined competence states. However, recent /n vitro experiments
have shown that it is possible to produce exclusively GABAergic neurons of different
subtypes from pluripotent stem cells by manipulating their cell expression programs, thus
proving that cell fate can be directly determined solely by intrinsic mechanisms [136].

Clonal lineage and fate specification

There are numerous examples in the developing nervous system whereby a cell’s lineage is
indicative of its ultimate fate and organization within a circuit [137-139]. Tracking the
clonal lineage of ventral telencephalic progenitors has been more technically challenging
than in cortical progenitors, due to the tremendous migratory capacity of a large proportion
of the cells derived from ventral regions and the protracted period during which they acquire
their subtype-specific identities. The wide dispersion of cells derived from the same
progenitor lineage presents significant problems for the assignment of clonal boundaries and
relationships [140]. In the early 1990s there was a major technical advance with the
development of a retroviral lineage tracing approach that utilizes a library of retroviruses
carrying DNA ‘barcodes’ [141]. These retroviruses infect dividing progenitors and tag all of
their subsequent progeny with an unambiguous barcode label, allowing for the assignment
of lineage relationships between widely dispersed cells. The first iterations of these
retroviral libraries labeled pallial and subpallial progenitors indistinctly, and included a
transgene for either beta galactosidase or alkaline phosphatase to identify the location and
morphology of the progeny of infected cells [140-143]. In these early studies it was
observed that radially distributed clones consisted of cells with pyramidal morphology,
while widely dispersed cells had non-pyramidal morphologies [144]. We now appreciate that
those radial clones were most likely derived from cortical radial glia, while the widely
dispersed clones came from ventral telencephalic radial glia [2, 145]. AP histochemical
labeling made it possible to differentiate pyramidal and non-pyramidal cell types by
morphology, but precluded further assessment of neuron subtype-specific identities within
these two broad categories [144]. The existence of distinct lineages for pyramidal and non-
pyramidal neurons was further confirmed with the characterization of lineage-specific
transcription factors such as Nkx2.1, Gsx2, Olig2 or Ascll, which are confined to ventral
telencephalic progenitor zones and produce a vast array of non-pyramidal neuron subtypes
[105, 119, 146-148]. However, the question of whether diverse GABAergic neuron subtypes
are derived from the same progenitor lineage remained unaddressed until recently [18, 30,
44, 149]. Recent technical advances allowed the specific targeting of genetically defined
subgroups of ventral progenitors, such as RG in the MGE/PoA, which were labeled either
with pseudotyped retroviruses encoding fluorescent protein markers [18, 30, 44, 149] or by
sparse labeling through the use of inducible genetic reporters [18, 149]. The progeny of
MGE/PoA radial glia could then be studied across the numerous forebrain structures that it
populates, although most efforts were focused on the cerebral cortex. The Shi laboratory
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used low titers of GFP-encoding pseudotyped retroviruses to target MGE/PoA radial glia,
studying both the behavior of these progenitors and the fate of their progeny; based on the
presence and distribution of GFP-expressing cells in the adult, the authors concluded that
interneurons formed horizontal and vertical clusters according to their clonal lineage [30].
This was followed by an elegant study from the Marin lab, where they confirmed and refined
the concept of the inside-out layering of MGE/PoA-derived interneurons, suggesting that
cells sharing a birth date tend to cluster in the same or adjacent cortical layers [18]. These
two landmark publications were followed by concurrent studies by the Fishell group and our
own; using newly developed pseudotyped barcoded viruses, these papers showed that MGE/
PoA-derived interneurons unequivocally derived from the same RG were distributed widely
across the forebrain, rather than forming local clusters within a single structure, suggesting
that cells derived from the same clonal lineage are unlikely to have chemical or electrical
synaptic circuit relationships [44, 149]. However, the precise role of lineage in the
organization of inhibitory circuits is far from settled, and there are many questions that have
yet to be addressed, such as whether interneurons derived from the same clonal lineage but
located in different forebrain regions share similar functional properties. [150-152]. There
was however agreement that most ventral progenitors are not restricted to producing one
neuronal subtype exclusively, since PV+ and SST+ interneurons could be derived from the
same radial glial cell in the MGE/PoA [18, 30, 44, 149].

While there is consensus about the diversity of fates that can derive from individual clonal
lineages, it is still unknown whether there is a strict temporal structure to the production of
distinct GABAergic cell types within a single clone. From a cell biological point of view, it
would be especially informative to investigate if two different cell types can be derived from
the same progenitor undergoing a terminal division, similar to what has been shown for
intermediate progenitors in the retina [153], and what mechanisms might guide such precise
cell fate specification. Many of the defining characteristics of cortical interneurons are not
acquired until weeks into postnatal development, long after cells have settled into their final
positions [154]. This raises the interesting possibility that newborn interneurons might
maintain some level of plasticity in their fate, depending upon extrinsic factors such as the
cellular environment and neuronal activity in the tissue where they are allocated for the fine-
tuning of their functional identity [154, 155]. It is possible that clonally related cells share a
set of core functional features or a tendency to integrate preferentially into specific circuit
motifs in the developing cortex, where their subtype would be further refined in a context-
dependent manner. The clonal lineages of subpallial progenitors have not yet been
investigated in other germinal zones such as the LGE or the AEP. Clonal relationships could
play a much more relevant role in organizing neuronal cell types in regions where they do
not need to undergo massive tangential migration to reach their final destination, but still
have a clear temporal sequence of production [156]. Presumably, cells born at similar times
and located in restricted histological areas, such as the LGE-derived matrix or patch
compartments of the mature striatum, could share functionality or connectivity patterns
depending on their clonal lineage.
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Conclusions and perspectives

As we have discussed here, subpallial radial glia are the source of an extraordinary diversity
of neural cell types. This happens through an array of progenitor subtypes derived from RG,
the complexity of which is just starting to be understood. Integration of an extensive array of
extrinsic signals guides the transition of subpallial progenitors through a series of spatially
and temporally defined competence states that will determine the fate of their progeny. The
exact mechanisms and any overarching “molecular logic” behind these progressions are not
understood. Recent studies aiming to understand the molecular signature of different
subpallial regions in order to gain genetic access to specific neural subtypes therein shows
great promise for the field [107, 157]. Understanding the basic biology of subpallial radial
glial and their progeny is necessary to fully harness their therapeutic potential for modeling
and treatment of complex neurological diseases in humans [158, 159]. The many ongoing
efforts to utilize subpallial progenitors in transplantation-based regenerative therapies [160]
are likely to improve their already promising results [161] if researchers are able to select
progenitor sources or target genetic pathways for producing pure populations of neural cell
types with the greatest efficacy for the treatment of specific disease conditions.
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Adult
E16

Figurel.
Subpallial germinal zones and their cellular output. A: left, view of a mid-neurogenesis

mouse embryo, with the central nervous system shaded in gray; middle, sagittal section
through the embryonic brain, highlighting the subpallial proliferative regions: lateral
ganglionic eminence (LGE, green), medial ganglionic eminence (MGE, red), caudal
ganglionic eminence (CGE, yellow), and anterior entopeduncular area (AEP, purple), with
rostro-caudal (R-C) and dorso-ventral (D-V) axes as represented; right, medial view of an
“open” right forebrain hemisphere, with the regions color-coded as indicated before. Arrows
depict the main migratory routes taken by neurons derived from each germinal zone. B:
coronal sections through the forebrain of mouse embryos at early (left, approximately E10),
mid- (middle, approximately E13), and late (right, approximately E16) stages of subpallial
neurogenesis; the middle panel shows two sections at rostromedial and caudal levels,
representing the positions indicated by the coronal planes in the left panel of A. Color code
as in A, with proliferative regions in solid colors and cells derived from them in dotted
pattern; arrows represent the main directions of migration from the corresponding germinal
zones. C: Allocation of subpallium-derived neurons in the adult brain (top), as viewed on a
coronal section at the level indicated (bottom); adult neural stem cells line the ventricle
(solid colors), and mature neurons derived from the embryonic subpallial germinal zones
(dots) occupy different structures throughout the forebrain. Color code as in A and B.

FEBS Lett. Author manuscript; available in PMC 2018 December 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Garcia and Harwell Page 24

A B C

Radial Glial Cell (RG)
Short Neural Progenitor (SNP)

Sub Apical Progenitor (SAP)

Intermediate Progenitor (IP)
Outer Radial Glial Cell (oRG)

Neuraon (N)

000000

Figure2.
Proliferative regions and progenitor types in the ganglionic eminences. A: coronal section

through rostromedial-medial levels of a mid-neurogenic mouse forebrain, depicting the main
proliferative regions in the lateral and medial ganglionic eminences (LGE and MGE,
respectively): the ventricular zone (VZ, warm colors) and subventricular zone (SVZ, cold
colors) are the source of neurons (purple) that accumulate in the marginal zone (MZ) or
migrate away from it, as represented by the purple traces. B: cartoon representing the
different progenitor types potentially present in the ganglionic eminences. The apical
(ventricular) surface of the tissue is down, and the basal side is up — notice that this is
inverted from the depiction in A, as is standard in the field. The proliferative regions are not
drawn to scale. The cell bodies of radial glia (RG, red), short neural precursors (SNP,
orange) and subapical progenitors (SAP, yellow) reside in the ventricular zone; RG extend
their basal processes beyond this region, to contact either blood vessels (gray structure on
top left) or the pial surface (not represented). Outer radial glia (0RG, blue) and intermediate
progenitors (IP, green) reside in the subventricular zone. Neurons (N, purple) born from
these progenitors move into the marginal zone, where they will undergo radial and/or
tangential migration to reach their final positions within the brain. C: Lineage of progenitors
in the ganglionic eminences. Each progenitor type (color and letter code as in A and B) is
represented correlative with its position within the proliferative zones as depicted in B.
Arrows represent potential outcomes of the division of each progenitor type; the thickness of
the looped arrows represents the self-renewal capacity of each progenitor type.
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Figure 3.
Transcriptional codes guiding cell fate specification in the ganglionic eminences. A: coronal

section through rostromedial-medial levels of the left cerebral hemisphere of a mid-
neurogenesis mouse embryo. Different transcription factors are expressed in distinct spatial
domains throughout the lateral and medial ganglionic eminences (LGE and MGE,
respectively) and septal anlage (Sep), as represented by the color patterns (see legend at the
bottom of the panel). The complex interplay of different fate determinants controls the
production of an enormous diversity of neural cell types from these regions. B: Proposed
“transcriptional logic” of lineage progression in the LGE (top) and the MGE (bottom),
whereby the levels of expression of different transcriptional regulators (represented by the
curves; same colors as in A) guide the transition of the progenitor lineage through its
different cell types, represented by silhouettes (legend at bottom; see Fig. 2) and located in
the areas represented below the lineage axis (VZ: ventricular zone; SVZ: subventricular
zone; MZ: marginal zone) within each proliferative region. The exact molecular mechanisms
informing the transition between different progenitor types or the progeny they can produce
are still largely unknown.
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