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CHAPTER 1

Introduction and outline of the thesis

Jelle Welagen, Stewart A. Anderson

Department of Psychiatry,
Weill Medical College of Cornell University, 

New York, NY 10021, USA

Based on:

Origins of neocortical interneurons in mice

(Developmental Neurobiol. 2011;71(1):10-7)*

*Reprinted from Developmental Biology, Vol 71. Jelle Welagen, Stewart Anderson. Origins 
of neocortical interneurons in mice; pp 10-17, Copyright (2010) with permission from John Wiley 
& Sons, Inc.



8

C
ha

pt
er

 1



9

Introduction 
The cerebral cortex consists of neural networks that function through a complex balance of 
excitation and inhibition. At the cellular level, these cortical networks consist of projection 
neurons and interneurons that primarily use the neurotransmitters glutamate and GABA, re-
spectively. The GABAergic interneurons (25-30% of cortical neurons) play an essential role 
in modulating cortical output and plasticity (Whittington and Traub, 2003; Otte et al., 2010). 
In addition, interneurons regulate developmental processes, including the induction of criti-
cal periods in cortical plasticity (Hensch, 2005).
Cortical interneurons accomplish specific functions through a diversity of subtypes that vary 
in morphology, physiology, connectivity, and expression of neurochemical markers. How-
ever, until recently relatively little was known regarding how interneuronal progenitors ac-
quire their fate into these subtypes. Several factors that complicate the study of interneuron 
fate determination include their diversity, context dependent maturation, and the fact that 
some subtype-defining features appear only after weeks of postnatal maturation. Moreover, 
the terminology used to describe these features varies widely across the published literature 
(Burkhalter, 2008), although a concerted effort to standardize interneuron-related terminol-
ogy has recently been attempted (Ascoli et al., 2008). 
This review addresses recent advances in the study of the origins of neocortical interneurons. 
We focus on studies in mice in the hopes that this review may be useful in the interpretation 
of data from gene function analyses in transgenic mice.  The authors apologize in advance 
for our inability to cite all relevant articles and nuances within the space available. We would 
also like to refer readers to 5 relatively recent papers, all based on mouse, that in our opinions 
cover much of the known literature on neocortical interneuron subgroup composition and 
origins in this species (Butt et al., 2005; Fogarty et al., 2007; Gonchar et al., 2007; Miyoshi et 
al., 2010; Xu et al., 2010b). We also admit an overemphasis in this review on the use of neu-
rochemical profiles to parse interneuron subgroups. Other characteristics are arguably more 
relevant, particularly output physiology, axon targeting, and other parameters that determine 
how a given class of interneurons influences network activity. However, such parameters 
have only recently begun to be linked to time and place of interneuron origin (Butt et al., 
2005; Batista-Brito and Fishell, 2009; Tricoire et al., 2010). The identification of distinct 
origins for interneuron subgroups has begun to drive studies of the transcriptional control 
of interneuron diversity. As such, this field is poised for a burst of discoveries that will have 
profound implications for our understanding of cerebral cortical function, and dysfunction.

Origins of Neocortical Interneurons
Cortical projection neurons derive from the dorsal (pallial) telencephalon and migrate along 
radial glia to the cortical mantle zone where they take their final position. Immunolabeling 
for GABA (DeDiego et al., 1994) and Dlx2 (Porteus et al., 1994) reveals what appears to be 
streams of cells migrating from the subpallium (pallidum) into limbic and cortical structures 
in the dorsal telencephalon. Using Dlx1/Dlx2 mouse mutants with in vivo ablation experi-
ments and co-labeling of migrating cells in slice culture experiments it was shown that this 
tangential migration included interneuronal progeny (de Carlos et al., 1996; Tamamaki et 
al., 1997; Anderson et al., 1997b) (Parnavelas, 2000; Marin and Rubenstein, 2001). Tangen-
tial migrations of putative interneurons have been identified in several mammalian species 
including mice (Anderson et al., 1997b; Wichterle et al., 1999), rats (de Carlos et al., 1996; 
Anderson et al., 1997b; Lavdas et al., 1999), ferrets (Anderson et al., 
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2002; Poluch and Juliano, 2007) and humans (Letinic et al., 2002; Fertuzinhos et al., 2009). 
In mice and ferrets, the subpallium appears to be the main source of cortical interneurons 
[but see (Inta et al., 2008) and (Ohira et al., 2010)]. In human embryos it was reported that 
most cortical interneurons undergo their terminal mitosis in the cortical subventricular zone 
(Letinic et al., 2002).  In this review we will focus on the distinct regions within the tel-
encephalon of mice that have been implicated as potential origins for cortical interneurons, 
with particular emphasis on the neurochemically-defined interneuron subgroups. In mice, 
neocortical interneurons can be parsed into three non-overlapping subgroups defined by the 
expression of parvalbumin, somatostatin, or vasoactive intestinal protein (VIP) (Xu et al., 
2010b). These subgroups together comprise roughly 60% of neocortical interneurons. Ad-
ditional subgroups, defined alone or in combination with other markers by the expression of 
calretinin, reelin, neuropeptide Y, and nitric oxide synthetase, comprise most the remaining 
interneurons (Gonchar et al., 2007; Miyoshi et al., 2010; Xu et al., 2010b). While this review 
will highlight evidence that these neurochemically defined subgroups have validity (in other 
words, are not part of a continuum) based on distinctive spatial and temporal origins in the 
subcortical (pallidal) telencephalon, each subgroup contains multiple subtypes when evalu-
ated on the more physiologically relevant levels of axon targeting, spiking characteristics 
and, where known, effects on network activity.

Medial Ganglionic Eminence
Initially, studies of interneuron tangential migration labeled cells with lipophilic tracers as 
they traverse the lateral ganglionic eminence (LGE) (de Carlos et al., 1996; Tamamaki et 
al., 1997; Anderson et al., 1997b), but these studies did not establish whether these cells 
originated within the LGE itself or migrated to the LGE via other progenitor domains.  Large 
streams of cells, most of which express GABA, migrating into the cortex were revealed with 
fluorescent dye labeling of the more ventrally located medial ganglionic eminence (MGE) 
(Lavdas et al., 1999). In addition, homeobox transcription factor Nkx2.1 mutant mice have 
both a loss of these tangential migrations and a roughly 50% reduction of GABA+ cells in 
the neocortex just before birth (Sussel et al., 1999). This result does not suggest that 50% of 
cortical interneurons are normally Nkx2.1-dependent, as there is robust migration from the 
LGE to cortex in the Nkx2.1 null (Anderson et al., 2001), suggesting the possibility of com-
pensation. Moreover, recent evidence suggests that loss of Nkx2.1 in MGE progenitors can 
result in fate conversion in favor of the normally CGE-derived bipolar calretinin population 
(Butt et al., 2008), a process that appears to involve the upregulation of the transcription fac-
tor Gsx2 (Xu et al., 2010a).
As evidence accrued that cortical interneurons originate largely in the MGE, studies began to 
address which interneurons originate in this region. Transplantation studies in utero or into 
postnatal cortex, as well as plating of MGE progenitors onto a feeder layer of dissociated 
cortex, found that both the somatostatin and parvalbumin expressing subgroups, originate in 
the MGE (Wichterle et al., 1999; Wichterle et al., 2001; Valcanis and Tan, 2003; Xu et al., 
2004). Butt and colleagues (2005) took the in utero homotopic transplantation approach to a 
new level, characterizing both neurochemical and physiological parameters of MGE trans-
plants (versus CGE—see below). Calretinin co-labeling was relatively rare in these studies, 
consistent with alternative origins for its vertically oriented bipolar or bitufted subclass, and 
its co-expression in a minority of the multipolar, somatostatin-expressing interneurons (Xu 
et al., 2006). While the above experiments were performed in mice, fate-mapping by focal 
injection of tritiated thymidine into ferret brain produced similar results 
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(Anderson et al., 2002).
As the Nkx2.1 and Lhx6 lineage dependency of most or all neocortical interneurons PV 
or SST-expressing neocortical interneurons, became established, studies began to focus on 
whether these subgroups originate from the same or distinct progenitors within the MGE. 
Both genetic fate mapping (Fogarty et al., 2007; Sousa et al., 2009; Yu et al., 2009) and trans-
plantation studies (Flames et al., 2007; Chapter 2) found that the SST-expressing subgroup 
originates primarily in the dorsal-most region of the MGE, largely within Nkx6.2-expressing 
progenitors. However, labeling with the S-phase marker BrdU prior to transplantation reveals 
that this is a partial bias only, and both PV and SST-expressing interneurons originate from 
both dorsal and ventral regions of the MGE (Chapter 2 and Chapter 4). Based on analysis 
of Cyclin D2 mutant mice, that have a reduction of mitoses in the subventricular zone of the 
MGE, there may also be a bias for the SST+ interneurons to originate from divisions on the 
apical surface of the ventricular zone, while the PV subgroup may be biased towards genera-
tion from abventricular mitoses (Glickstein et al., 2007). It should also be noted that at more 
caudal levels where thalamus is present in the coronal plane, and there is little or no sulcus 
between the MGE and underlyng preoptic region, fate mapping with Sonic Hedgehog (Shh)-
Cre expressing mice suggests that the ventral-most MGE gives rise primarily to projection 
neurons of the globus pallidus and to a small number of mainly PV+ cortical interneurons 
(Flandin et al., 2010). 
While a detailed understanding of the differential fate determination of SST versus PV-ex-
pressing interneurons in the MGE is yet to be uncovered, higher levels of Shh signaling, 
that occurs in the dorsal-most region of the MGE (Wonders et al., 2008, Chapter 2; Yu et 
al., 2009), favors the specification of SST over PV+ subgroups (Xu et al., 2010a). In coronal 
sections though the MGE that are cut rostral to levels where the thalamus become visible at 
the dorsal midline, Shh mRNA expression occurs in the preoptic ventricular zone as well 
as throughout the MGE mantle region [see for example Fig. 2O of (Gulacsi and Anderson, 
2008)]. As such that the processes resulting in enhancement of Shh signaling in the dorsal-
most MGE are quite intriguing and are likely to be critical determinants of cortical interneu-
ron diversity. An additional critical question is that of how particular SST or PV expressing 
subtypes, defined mainly by specific firing patterns, axonal targeting, and neurochemical 
co-expression, are specified. For example, do PV+, fast-spiking (FS), largely axo-somatic 
targeting basket cells derive from distinct lineages from the PV+, FS, axon initial segment 
targeting chandelier interneurons? In the case of SST-expressing subgroup, how are physi-
ologically (e.g. burst-spiking, regular spiking non-pyramidal) and neurochemically (e.g. co-
expression of reelin, NPY, calretinin) defined subtypes specified? That such subtypes exist as 
distinct entities rather than as a continuum of variably overlapping characteristics is well es-
tablished (Ma et al., 2006; Xu et al., 2006). The Fishell lab has demonstrated that differences 
in temporal origins exist in physiologically distinct interneurons within the SST-expressing 
subgroup (Miyoshi et al., 2007; Sousa et al., 2009). It remains to be determined whether 
a single progenitor of SST-expressing interneurons will generate distinct subtypes through 
subsequent mitoses. Indeed, some aspects of interneuron subtype fate determination within 
the SST or PV-expressing subgroups may yet depend on local signaling events after their 
migration to the cerebral cortex. 

Caudal Ganglionic Eminence
After the MGE, the caudal ganglionic eminence (CGE) next most prominent subpallial source 
of cortical interneurons (Anderson et al., 2001; Nery et al., 2002; Nery et al., 2003).  
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Morphologically, the CGE exists as a fusion of the MGE and LGE beginning at the coronal 
level of the mid to caudal thalamus. The dorsal CGE expresses Gsh2 and ER81, two tran-
scription factors that are required for the proper patterning of the LGE and olfactory bulb 
(Corbin et al., 2003). As such, the portion of the CGE that protrudes into the ventricle, and 
thus could be considered a proper “eminence”, could also be termed a caudal LGE (Flames et 
al., 2007). However, the dCGE derived neurons robustly migrate in a caudally-directed fash-
ion (Yozu et al., 2005), in part under control of the CoupTF2 transcription factor (Kanatani 
et al., 2008). Ventral to this region lies an Nkx2.1-expressing periventricular region that is 
directly apposed across the narrow ventral extension of the lateral ventricle by the thalamic 
anlage, and that could also be termed the “caudal MGE”. However, both the dorsal and ven-
tral portions of the CGE have properties that are distinct from those of the more rostral-lying 
LGE or MGE.  
In contrast to similar experiments with LGE progenitors, dCGE progenitors, placed on a 
feeder layer of cortical cells, produce mainly bipolar-calretinin-expressing interneurons (Xu 
et al., 2004). Interestingly, this result is found only with E15.5 or E16.5, but not E14.5 donor 
cells, consistent with tendency of this population towards later birthdating (Yozu et al., 2004), 
(Rymar and Sadikot, 2007), like that of the partially overlapping VIP population (Cavanagh 
and Parnavelas, 1989). Indeed, VIP may be a superior marker than calretinin for many CGE-
derived interneurons (Butt et al., 2005; Miyoshi et al., 2007; Miyoshi et al., 2010). In vivo 
transplantation studies as well as genetic fate-mapping have clearly demonstrated that after 
E14.5, the CGE generates a remarkable diversity of interneurons that, in addition to VIP, in-
clude subclasses of reelin, and NPY expressing cells (Butt et al., 2005; Miyoshi et al., 2007; 
Miyoshi et al., 2010). The CGE also generates many hippocampal interneurons, including 
a specialized subclass of neurogliaform cells that are negative for the enzyme nitric-oxide 
synthase (Tricoire et al., 2010). It has recently been suggested that as many as 30% of all cor-
tical interneurons originate from the CGE (Miyoshi et al., 2010). This same study suggested 
that, with the vast majority of the PV and SST populations originating in the MGE, and the 
VIP as well as the reelin+/SST- population originating in the CGE, almost 95% of cortical 
interneurons can be ascribed to one of these two origins. 

Lateral Ganglionic Eminence
When compared using both in vitro and in vivo studies, a far larger fraction of MGE or CGE 
derived cells is fated to migrate into the cortex compared to LGE derived cells (Wichterle et 
al., 1999; Anderson et al., 2001; Wichterle et al., 2001). However, slice culture experiments 
with BrdU pulsed LGE show that a small number of cells that proliferated within the LGE 
do migrate into the neocortex, of which some co-label for GABA. In addition, analysis of 
rat embryos where the MGE was removed showed that there was robust migration from the 
LGE to the cortex (Jimenez et al., 2002). Taken together, the LGE may give rise to a small 
fraction of cortical interneurons whose fates are not known, but do not include the SST or 
PV-expressing subgroups (Xu et al., 2004). 

Pre Optic Area (POA)
The pre-optic area is a telencephalic region ventral to the MGE that also expresses Nkx2.1 in 
progenitor cells (Flames et al., 2007). Using in utero electroporation as well as genetic fate 
mapping from Nkx5.1 expressing cells, the POA was recently shown to give rise to a small 
number of cortical interneurons (Gelman et al., 2009). These were found mainly in the super-
ficial cortex, and about a third express NPY but not SST, and tended to have a 
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distinctive, rapidly adapting electrophysiological property. Interestingly, these PreOptic-de-
rived interneurons, unlike those developing from Nkx2.1+ progenitors in the MGE, never 
appear to express the transcription factor Lhx6 that lies downstream of Nkx2.1 in the speci-
fication of PV and SST-expressing interneurons. 

Rostral Migratory Stream
In the rostral migratory stream (RMS), neuronal precursors that originated in the subven-
tricular zone (SVZ) of the telencephalon migrate to the main olfactory bulb where they dif-
ferentiate into GABAergic interneurons. Based on immunohistochemical stainings for Dlx1, 
it has been conjectured that a small number of migrating interneurons in the mouse RMS may 
migrate dorsally into frontal cortex (Anderson et al., 1999). Such a migration does not appear 
to occur in rats, at least based on retroviral injections into the neonatal cortical subventricular 
zone, a technique that labels many bulb interneurons (Suzuki and Goldman, 2003). However, 
multiple sources of distinct types of bulb interneurons have been identified (Lledo et al., 
2008), and not all of these have been assayed for potential contribution to cortical interneu-
rons. In addition, it has recently been reported that the early postnatal SVZ gives rise to corti-
cal interneurons (Inta et al., 2008), some of which migrate rostrally from close to one of the 
origins of the RMS in the dorsal LGE.

Septal Region
Another possible subpallial source for cortical interneurons is the septal area. 
Immunostaining with Dlx1 suggested that interneurons may migrate from the septal region 
into the cortex in mice (Anderson et al., 1999).  More recently, slice culture experiments were 
used to visualize cells migrating from the ventro-lateral septum into layer I of the rostral 
cortex. This migration was lost in Vax1 mutants, have a substantial reduction in GABA-ex-
pressing cortical neurons (Taglialatela et al., 2004), further raising the possibility of a  septal  
source  of cortical interneurons. 

Cortex
GABAergic cells can be generated from slice and dissociated cultures of dorsal telencepha-
lon (Götz et al., 1995; He et al., 2001; Bellion et al., 2003; Gulacsi and Lillien, 2003), in the 
presence of Fgf2 or Shh, factors that are known to ventralize progenitors (Gabay et al., 2003).  
However there is no evidence that clearly points to an embryonic cortical origin for interneu-
rons in rodents in vivo, and multiple lines of evidence that essentially all embryonically-
generated cortical interneurons in mice originate subcortically (Gorski et al., 2002; Xu et al., 
2004; Fogarty et al., 2007). In mice, this point holds for both neocortex and hippocampal 
CA1 (Fogerty et al., 2007). In addition, dense, focal labeling of the cortical VZ and SVZ with 
the S-phase marker tritiated thymidine in neonatal ferrets, when neurons destined for the su-
perficial layers are still being generated, labels large numbers of cortical pyramidal neurons 
but not interneurons (Anderson et al., 2002). 
While in vivo evidence for an embryonic cortical source for cortical interneurons is lacking, 
several lines of evidence suggest that interneurons may be generated in postnatal cortex. 
First, although the mitotic source of the cells was not definitively established, early postnatal  
birth and large scale  migration of apparent interneurons out of the cortical SVZ has been re-
ported based on analysis of 5HT3r-GFP expressing mice (Inta et al., 2008).  Second, repeated 
injections of the S-phase marker BrdU into adult rats results in the labeling of a small number 
of GABAergic neurons, some of which co-label for calretinin (Dayer et al., 
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2005). Third, it was recently reported that, in adult rats, a transient carotid artery occlusion 
model of stroke results in expansion of Nkx2.1+ progenitors in neocortical layer 1, and the 
generation interneurons that were presumably generated by these progenitors then migrate 
into the underlying cortical layers (Ohira et al., 2010). Most of these interneurons expressed 
NPY, somatostatin, or calretinin, and did not express parvalbumin. In sum, in both mouse 
and rats, evidence exists for the postnatal generation of cortical interneurons within the cor-
tex itself. It remains to be determined whether this occurs to an extent and in a manner that 
influences cortical activity.
As discussed eloquently in a recently published commentary (Jones, 2009), studies in human 
and non-human primates provide intriguing, if not quite definitive, evidence for a cortical 
source for cortical interneurons in primates (Letinic et al., 2002; Petanjek et al., 2009). This 
topic is discussed in detail in the paper in this issue from Drs. Zecevic and colleagues. In sum, 
the origins of most of the known interneuron populations are known. Currently, the field is 
zooming in on the molecular mechanisms controlling fate determination of interneurons in 
the progenitor domains and the resulting interneuron populations. Over time, these studies 
are likely to have important impacts on efforts to unravel the etiologies of complex neuropsy-
chiatric diseases in which dysfunction of interneurons has been implicated, such as seizures, 
schizophrenia, autism, and anxiety disorders.

Aim of the Study
The majority of interneurons originate from the MGE, including PV, SST and NPY express-
ing subgroups. Although the MGE has been defined as the region of origin for these sub-
groups, three important questions are still open. First, it was unclear if a spatial or temporal 
distribution exists for the origin of SST and PV expressing interneurons within the MGE. 
Second, it remained to be determined if specific interneuron types originate from the same 
progenitors within the MGE. Finally, it was unclear how fate specification within the MGE 
is controlled. The aim of the study was to address these questions and characterize in more 
detail the origins of MGE derived PV and SST expressing interneuron subgroups and to un-
ravel molecular mechanisms controlling interneuron fate specification in the MGE progeni-
tor domain.

Outline of the thesis
Firstly, to determine if a spatial or temporal distribution was present for PV and SST express-
ing interneurons within the MGE, multiple transplantation experiments were performed. Ini-
tially, GFP labeled ventral MGE and dorsal MGE derived cells were transplanted in neonate 
cortex and analyzed for their ratio of PV and SST expressing interneurons (see chapter 2). 
However, additional experiments revealed that these transplantation studies were compro-
mised due to migration of progenitors within the MGE, from ventral to dorsal MGE. There-
fore, the transplantation experiment was redesigned using cells that were labeled during S-
phase, when MGE cells are not migrating within the MGE, to correct for migration within the 
MGE (see chapter 4). Two time points in MGE development were analyzed: E13.5 and E15.5 
to include the temporal aspect of fate specification to the study. 

Secondly, to determine if specific interneuron types originate from the same progenitor with-
in the MGE, the PV group was studied in more detail. Within the PV group, two major 
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cell types exist, being the chandelier cells and the basket cells. The chandelier cells are of par-
ticular interest as these are master regulators of cortical excitatory circuits. Chapter 3 focuses 
on the possibility that chandelier and basket cells share a common progenitor in the MGE. 
To label clonal lineages in the MGE, the Mosaic Analysis with Double Markers (MADM) 
technology was used. Using a specific driver gene, Nkx2.1, MADM technology was limited 
to the MGE and labeled cells were analyzed for the ratio of chandelier to basket cells. 

Finally, the study aimed to unravel molecular mechanisms controlling fate specification of 
interneurons in the MGE progenitor domain. In chapter 2 it was shown that a dorsal to ventral 
difference in gene expression exists within the MGE, suggesting a molecular basis underlying 
the spatial bias in fate specification of interneurons. The role of the Sonic Hedgehog (Shh) 
signaling pathway was studied in more detail, since Shh pathway members were among the 
genes that were differentially expressed. Moreover, Shh signaling is elevated specifically in 
the dorsal MGE, an area that preferably gives rise to SST expressing interneurons. Based 
on this, it was hypothesized that Shh signaling may play a role in fate specification of SST 
expressing interneurons. Also, recent work in our laboratory showed that exogenous Shh 
resulted in a decrease in PV and an increase in SST cells (Xu et al 2010a). In chapter 5, the 
regulation of Shh signaling in MGE was analyzed. It was tested if the dorsal midline of the 
telencephalon, more specifically the choroid plexus that rests on the dMGE, signals into the 
dMGE and causes Shh signaling to be increased in that area. To this end, the EMX2 mouse 
model that lacks a fully developed midline and choroid plexus was used. In addition, future 
directions for studying intra-MGE patterning will be discussed.
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Figure 1

Figure 1. Established and putative origins and migrational routes of interneurons in the 
embryonic mouse telencephalon. 
Established routes are depicted in solid lines. Dashed lines depict migrations whose existence 
is less firmly established, or that have not clearly been demonstrated to involve interneurons. 
Blue paths represent migrations of cells of parvalbumin or somatostatin-expressing interneu-
rons originating mainly from ventral or dorsal MGE respectively (blue arrows); red paths 
represent calretinin-expressing interneurons (red arrows). Orange paths represent NPY+/
SST- expressing interneurons (orange arrow). Black paths represent proposed migrations 
of unknown interneuron subgroups. Light and dark blue fill = Nkx2.1-expressing domain; 
green fill = Gsh2-expression domain; red fill = ER81+Gsh2-expression domain; orange fill 
= Nkx5.1 expression domain (Preoptic area also expresses Nkx2.1, Dbx1, Shh, Nkx6.2); 
yellow fill = proposed source of cortical interneurons in the ventral septum. B, Coronal sche-
matic of the E13.5 mouse brain, showing migrations from the medial and lateral ganglionic 
eminences and the preoptic area. C, Coronal schematic showing migrations from the caudal 
ganglionic eminence. OB = olfactory bulb; Ctx = cortex; CGE = caudal ganglionic eminence; 
LGE = lateral ganglionic eminence; MGE = medial ganglionic eminence; PrOp = preoptic 
area; Se = septal area. Th-thalamus.

C
ha

pt
er

 1



17

References

- Anderson S, Mione M, Yun K, Rubenstein JLR (1999) Differential origins of projection and local
circuit neurons: role of Dlx genes in neocortical interneuronogenesis. Cerebral Cortex 9:646-654.
- Anderson SA, Eisenstat DD, Shi L, Rubenstein JL (1997b) Interneuron migration from basal
forebrain to neocortex: dependence on Dlx genes. Science 278:474-476.
- Anderson SA, Marin O, Horn C, Jennings K, Rubenstein JL (2001) Distinct cortical migrations
from the medial and lateral ganglionic eminences. Development 128:353-363.
- Anderson SA, Kaznowski CE, Horn C, Rubenstein JL, McConnell SK (2002) Distinct origins of
neocortical projection neurons and interneurons in vivo. Cereb Cortex 12:702-709.
- Ascoli GA, Alonso-Nanclares L, Anderson SA, Barrionuevo G, Benavides-Piccione R, Burkhalter
A, Buzsaki G, Cauli B, Defelipe J, Fairen A, Feldmeyer D, Fishell G, Fregnac Y, Freund TF,
Gardner D, Gardner EP, Goldberg JH, Helmstaedter M, Hestrin S, Karube F, Kisvarday ZF,
Lambolez B, Lewis DA, Marin O, Markram H, Munoz A, Packer A, Petersen CC, Rockland KS,
Rossier J, Rudy B, Somogyi P, Staiger JF, Tamas G, Thomson AM, Toledo-Rodriguez M, Wang Y,
West DC, Yuste R (2008) Petilla terminology: nomenclature of features of GABAergic
interneurons of the cerebral cortex. Nat Rev Neurosci 9:557-568.
- Batista-Brito R, Fishell G (2009) The developmental integration of cortical interneurons into a
functional network. Curr Top Dev Biol 87:81-118.
- Bellion A, Wassef M, Metin C (2003) Early differences in axonal outgrowth, cell migration and
GABAergic differentiation properties between the dorsal and lateral cortex. Cereb Cortex 13:203
214.
- Burkhalter A (2008) Many specialists for suppressing cortical excitation. Front Neurosci 2:155-
167.
- Butt SJ, Fuccillo M, Nery S, Noctor S, Kriegstein A, Corbin JG, Fishell G (2005) The temporal
and spatial origins of cortical interneurons predict their physiological subtype. Neuron 48:591-604.
- Butt SJ, Sousa VH, Fuccillo MV, Hjerling-Leffler J, Miyoshi G, Kimura S, Fishell G (2008) The
requirement of Nkx2-1 in the temporal specification of cortical interneuron subtypes. Neuron
59:722-732.
- Cavanagh ME, Parnavelas JG (1989) Development of vasoactive-intestinal-polypeptide
immunoreactive neurons in the rat occipital cortex: a combined immunohistochemical
autoradiographic study. J Comp Neurol 284:637-645.
- Corbin JG, Rutlin M, Gaiano N, Fishell G (2003) Combinatorial function of the homeodomain
proteins Nkx2.1 and Gsh2 in ventral telencephalic patterning. Development 130:4895-4906.
- Dayer AG, Cleaver KM, Abouantoun T, Cameron HA (2005) New GABAergic interneurons in
the adult neocortex and striatum are generated from different precursors. J Cell Biol 168:415-427.
- de Carlos JA, López-Mascaraque L, Valverde F (1996) Dynamics of cell migration from the
lateral ganglionic eminence in the rat. Journal of Neuroscience 16:6146-6156.
- DeDiego I, Smith-Fernandez A, Fairen A (1994) Cortical cells that migrate beyond area
boundaries: characterization of an early neuronal population in the lower intermediate zone of
prenatal rats. European Journal of Neuroscience 6:983-997.
- Fertuzinhos S, Krsnik Z, Kawasawa YI, Rasin MR, Kwan KY, Chen JG, Judas M, Hayashi M,
Sestan N (2009) Selective Depletion of Molecularly Defined Cortical Interneurons in Human
Holoprosencephaly with Severe Striatal Hypoplasia. Cereb Cortex.
- Flames N, Pla R, Gelman DM, Rubenstein JL, Puelles L, Marin O (2007) Delineation of multiple
subpallial progenitor domains by the combinatorial expression of transcriptional codes. J Neurosci
27:9682-9695.
- Flandin P, Kimura S, Rubenstein JL (2010) The progenitor zone of the ventral medial ganglionic
eminence requires Nkx2-1 to generate most of the globus pallidus but few neocortical interneurons.
J Neurosci 30:2812-2823.
- Fogarty M, Grist M, Gelman D, Marin O, Pachnis V, Kessaris N (2007) Spatial genetic patterning
of the embryonic neuroepithelium generates GABAergic interneuron diversity in the adult cortex. J

Introduction



18

Neurosci 27:10935-10946.
- Gabay L, Lowell S, Rubin LL, Anderson DJ (2003) Deregulation of dorsoventral patterning by
FGF confers trilineage differentiation capacity on CNS stem cells in vitro. Neuron 40:485-499.
- Gelman DM, Martini FJ, Nobrega-Pereira S, Pierani A, Kessaris N, Marin O (2009) The
embryonic preoptic area is a novel source of cortical GABAergic interneurons. J Neurosci 29:9380
9389.
- Glickstein SB, Moore H, Slowinska B, Racchumi J, Suh M, Chuhma N, Ross ME (2007)
Selective cortical interneuron and GABA deficits in cyclin D2-null mice. Development 134:4083-
4093.
- Gonchar Y, Wang Q, Burkhalter A (2007) Multiple distinct subtypes of GABAergic neurons in
mouse visual cortex identified by triple immunostaining. Front Neuroanat 1:3.
- Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JL, Jones KR (2002) Cortical excitatory
neurons and glia, but not GABAergic neurons, are produced in the Emx1-expressing lineage. J
Neurosci 22:6309-6314.
- Götz M, Williams BP, Bolz J, Price J (1995) The specification of neuronal fate: a common
precursor for neurotransmitter subtypes in the rat cerebral cortex in vitro. European Journal of
Neuroscience 7:889-898.
- Gulacsi A, Lillien L (2003) Sonic hedgehog and bone morphogenetic protein regulate interneuron
development from dorsal telencephalic progenitors in vitro. J Neurosci 23:9862-9872.
- Gulacsi AA, Anderson SA (2008) Beta-catenin-mediated Wnt signaling regulates neurogenesis in
the ventral telencephalon. Nat Neurosci 11:1383-1391.
- He W, Ingraham C, Rising L, Goderie S, Temple S (2001) Multipotent stem cells from the mouse
basal forebrain contribute GABAergic neurons and oligodendrocytes to the cerebral cortex during
embryogenesis. J Neurosci 21:8854-8862.
- Hensch TK (2005) Critical period plasticity in local cortical circuits. Nat Rev Neurosci 6:877-888.
- Inta D, Alfonso J, von Engelhardt J, Kreuzberg MM, Meyer AH, van Hooft JA, Monyer H (2008)
Neurogenesis and widespread forebrain migration of distinct GABAergic neurons from the
postnatal subventricular zone. Proc Natl Acad Sci U S A 105:20994-20999.
- Jimenez D, Lopez-Mascaraque LM, Valverde F, De Carlos JA (2002) Tangential migration in
neocortical development. Dev Biol 244:155-169.
- Jones EG (2009) The origins of cortical interneurons: mouse versus monkey and human. Cereb 
Cortex 19:1953-1956.
- Kanatani S, Yozu M, Tabata H, Nakajima K (2008) COUP-TFII is preferentially expressed in the
caudal ganglionic eminence and is involved in the caudal migratory stream. J Neurosci 28:13582-
13591.
- Lavdas AA, Grigoriou M, Pachnis V, Parnavelas JG (1999) The medial ganglionic eminence 
gives rise to a population of early neurons in the developing cerebral cortex. Journal of
Neuroscience 19:7881-7888.
- Letinic K, Zoncu R, Rakic P (2002) Origin of GABAergic neurons in the human neocortex. 
Nature 417:645-649.
- Lledo PM, Merkle FT, Alvarez-Buylla A (2008) Origin and function of olfactory bulb interneuron 
diversity. Trends Neurosci 31:392-400.
- Ma Y, Hu H, Berrebi AS, Mathers PH, Agmon A (2006) Distinct subtypes of somatostatin-
containing neocortical interneurons revealed in transgenic mice. J Neurosci 26:5069-5082.
- Marin O, Rubenstein JL (2001) A long, remarkable journey: Tangential migration in the 
telencephalon. Nature Reviews Neuroscience 2:780-790.
- Miyoshi G, Butt SJ, Takebayashi H, Fishell G (2007) Physiologically distinct temporal cohorts of 
cortical interneurons arise from telencephalic Olig2-expressing precursors. J Neurosci 27:7786-
7798.
- Miyoshi G, Hjerling-Leffler J, Karayannis T, Sousa VH, Butt SJ, Battiste J, Johnson JE, Machold 
RP, Fishell G (2010) Genetic fate mapping reveals that the caudal ganglionic eminence produces a 
large and diverse population of superficial cortical interneurons. J Neurosci 30:1582-1594.

C
ha

pt
er

 1



19

- Nery S, Fishell G, Corbin JG (2002) The caudal ganglionic eminence is a source of distinct 
cortical and subcortical cell populations. Nat Neurosci 5:1279-1287.
- Nery S, Corbin JG, Fishell G (2003) Dlx2 progenitor migration in wild type and nkx2.1 mutant 
telencephalon. Cereb Cortex 13:895-903.
- Ohira K, Furuta T, Hioki H, Nakamura KC, Kuramoto E, Tanaka Y, Funatsu N, Shimizu K, Oishi 
T, Hayashi M, Miyakawa T, Kaneko T, Nakamura S (2010) Ischemia-induced neurogenesis of 
neocortical layer 1 progenitor cells. Nat Neurosci 13:173-179.
- Otte S, Hasenstaub A, Callaway EM (2010) Cell type-specific control of neuronal responsiveness 
by gamma-band oscillatory inhibition. J Neurosci 30:2150-2159.
- Parnavelas JG (2000) The origin and migration of cortical neurones: new vistas. Trends Neurosci 
23:126-131.
- Petanjek Z, Berger B, Esclapez M (2009) Origins of cortical GABAergic neurons in the 
cynomolgus monkey. Cereb Cortex 19:249-262.
- Poluch S, Juliano SL (2007) A normal radial glial scaffold is necessary for migration of 
interneurons during neocortical development. Glia 55:822-830.
- Porteus MH, Bulfone A, Liu JK, Lo LC, Rubenstein JLR (1994) DLX-2, MASH-1, and MAP-2 
expression and bromodeoxyuridine incorporation define molecularly distinct cell populations in the 
embryonic mouse forebrain. J Neuroscience 44:6370-6383.
- Rymar VV, Sadikot AF (2007) Laminar fate of cortical GABAergic interneurons is dependent on 
both birthdate and phenotype. J Comp Neurol 501:369-380.
- Sousa VH, Miyoshi G, Hjerling-Leffler J, Karayannis T, Fishell G (2009) Characterization of 
Nkx6-2-derived neocortical interneuron lineages. Cereb Cortex 19 Suppl 1:i1-10.
- Sussel L, Marin O, Kimura S, Rubenstein JL (1999) Loss of Nkx2.1 homeobox gene function 
results in a ventral to dorsal molecular respecification within the basal telencephalon: evidence for a 
transformation of the pallidum into the striatum. Development 126:3359-3370.
- Suzuki SO, Goldman JE (2003) Multiple cell populations in the early postnatal subventricular 
zone take distinct migratory pathways: a dynamic study of glial and neuronal progenitor migration. 
J Neurosci 23:4240-4250.
- Taglialatela P, Soria JM, Caironi V, Moiana A, Bertuzzi S (2004) Compromised generation of 
GABAergic interneurons in the brains of Vax1-/- mice. Development 131:4239-4249.
- Tamamaki N, Fujimori KE, Takauji R (1997) Origin and route of tangentially migrating neurons 
in the developing neocortical intermediate zone. Journal of Neuroscience 17:8313-8323.
- Tricoire L, Pelkey KA, Daw MI, Sousa VH, Miyoshi G, Jeffries B, Cauli B, Fishell G, McBain CJ 
(2010) Common origins of hippocampal Ivy and nitric oxide synthase expressing neurogliaform 
cells. J Neurosci 30:2165-2176.
- Valcanis H, Tan SS (2003) Layer Specification of Transplanted Interneurons in Developing 
Mouse Neocortex. Journal of Neuroscience 23:5113-5122.
- Whittington MA, Traub RD (2003) Interneuron diversity series: inhibitory interneurons and 
network oscillations in vitro. Trends Neurosci 26:676-682.
- Wichterle H, Garcia-Verdugo JM, Herrera DG, Alvarez-Buylla A (1999) Young neurons from 
medial ganglionic eminence disperse in adult and embryonic brain. Nature Neuroscience 2:461-
466.
- Wichterle H, Turnbull DH, Nery S, Fishell G, Alvarez-Buylla A (2001) In utero fate mapping 
reveals distinct migratory pathways and fates of neurons born in the mammalian basal forebrain. 
Development 128:3759-3771.
- Wonders CP, Taylor L, Welagen J, Mbata IC, Xiang JZ, Anderson SA (2008) A spatial bias for 
the origins of interneuron subgroups within the medial ganglionic eminence. Dev Biol 314:127-
136.
- Xu Q, Cobos I, De La Cruz E, Rubenstein JL, Anderson SA (2004) Origins of cortical interneuron 
subtypes. J Neurosci 24:2612-2622.
- Xu Q, Guo L, Moore H, Waclaw RR, Campbell K, Anderson SA (2010a) Sonic hedgehog 
signaling confers ventral telencephalic progenitors with distinct cortical interneuron fates. Neuron

Introduction



20

 
65:328-340.
- Xu X, Roby KD, Callaway EM (2006) Mouse cortical inhibitory neuron type that coexpresses 
somatostatin and calretinin. J Comp Neurol 499:144-160.
- Xu X, Roby KD, Callaway EM (2010b) Immunochemical characterization of inhibitory mouse 
cortical neurons: three chemically distinct classes of inhibitory cells. J Comp Neurol 518:389-404.
- Yozu M, Tabata H, Nakajima K (2004) Birth-date dependent alignment of GABAergic neurons 
occurs in a different pattern from that of non-GABAergic neurons in the developing mouse visual 
cortex. Neurosci Res 49:395-403.
- Yozu M, Tabata H, Nakajima K (2005) The caudal migratory stream: a novel migratory stream of 
interneurons derived from the caudal ganglionic eminence in the developing mouse forebrain. J 
Neurosci 25:7268-7277.
- Yu W, Wang Y, McDonnell K, Stephen D, Bai CB (2009) Patterning of ventral telencephalon 
requires positive function of Gli transcription factors. Dev Biol 334:264-275.

C
ha

pt
er

 1



21

CHAPTER 2

A spatial bias for the origins of interneuron
subgroups within the

medial ganglionic eminence

Wonders CP, Taylor L, Welagen J, Mbata IC, Xiang JZ, Anderson SA.

Department of Psychiatry,
Weill Medical College of Cornell University, 

New York, NY 10021, USA

(Dev. Biol. 2008;314(1):127-36)*

* Reprinted from Developmental Biology, Vol 314. Carl P. Wonders, Lauren Taylor, Jelle 
Welagen, Ihunanya C. Mbata, Jenny Z. Xiang and Stewart A. Anderson. A spatial bias for 
the origins of interneuron subgroups within the medial ganglionic eminence; pp 127-136, 
Copyright (2007), with permission from Elsevier Inc.



22

C
ha

pt
er

 2



A spatial bias for the origins of interneuron subgroups within the
medial ganglionic eminence

Carl P. Wonders a,1, Lauren Taylor b, Jelle Welagen b, Ihunanya C. Mbata c,
Jenny Z. Xiang d, Stewart A. Anderson b,⁎

a Graduate Program in Neuroscience, Weill Medical College of Cornell University, New York, NY 10021, USA
b Department of Psychiatry, Weill Medical College of Cornell University, 1300 York Ave., Box 244, New York, NY 10021, USA

c Gateways to the Laboratory Program, Weill Medical College of Cornell University, New York, NY 10021, USA
d Departments of Microbiology and Immunology, Weill Medical College of Cornell University, New York, NY 10021, USA

Received for publication 19 December 2006; revised 14 November 2007; accepted 14 November 2007
Available online 26 December 2007

Abstract

Although it is well established that the ventral telencephalon is the primary source of GABAergic cortical interneurons in rodents, little is
known about the specification of specific interneuron subtypes. It is also unclear whether the potential to achieve a given fate is established at their
place of origin or by signals received during their migration to or during their maturation within the cerebral cortex. Using both in vivo and in vitro
transplantation techniques, we find that two major interneuron subgroups have largely distinct origins within the MGE. Somatostatin (SST)-
expressing interneurons are primarily generated within the dorsal MGE, while parvalbumin (PV)-expressing interneurons primarily originate from
the ventral MGE. In addition, we show that significant heterogeneity exists between gene expression patterns in the dorsal and ventral MGE.
These results suggest that, like the spinal cord, neuronal fate determination in the ventral telencephalon is largely the result of spatially segregated,
molecularly distinct microdomains arranged on the dorsal–ventral axis.
© 2007 Elsevier Inc. All rights reserved.

Keywords: MGE; Somatostatin; Parvalbumin; Microarray; Interneuron subtypes

Introduction

Proper functioning of the cerebral cortex requires a network
of excitatory and inhibitory stimuli primarily produced by
projection neurons (using glutamate as a neurotransmitter) and
interneurons (using GABA as a neurotransmitter), respectively.
Interneurons, while comprising a minority of cortical neurons,
play vital roles in modulating cortical output and plasticity
(Wang et al., 2004a; Whittington and Traub, 2003) and have
also been implicated in several developmental processes,
including the regulation of neuronal proliferation and migration
during corticogenesis and the development of cortical circuitry
(Hensch, 2005; Owens and Kriegstein, 2002).

Fate-mapping experiments both in vivo and in vitro have
demonstrated that the ventral forebrain is the primary source of
cortical interneurons in rodents [for recent reviews see (Corbin et
al., 2001; Marin and Rubenstein, 2001; Wonders and Anderson,
2006)]. Different interneuron subgroups, as defined by their
expression of largely non-overlapping chemical markers
(Gonchar and Burkhalter, 1997; Kawaguchi and Kubota,
1997), show regional specificity for their generation. Culture
experiments suggested that Calretinin-expressing interneurons
with bipolar or bitufted dendritic trees originate in the dorsal,
non-Nkx2.1 expressing region of the caudal ganglionic eminence
(CGE), whereas both the SST and the PV-expressing subgroups
originate in mainly in the MGE (Xu et al., 2004). Homotopic
transplants of MGE or CGE progenitors in vivo found similar
results, with the important addition of physiological parameters
to subgroup-defining characteristics (Butt et al., 2005).
Success in the identification of distinct origins of interneuron

subgroups has promoted efforts to determine factors that specify
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subgroup fate. In embryos just prior to birth, loss of Nkx2.1
expression results in loss of neurons expressing SST as well as
NPY (Anderson et al., 2001), a neuropeptide expressed in
interneuron populations that partially overlaps with SST-
expressing cortical interneurons. In addition, studies using
both primary cultures of Nkx2.1 cortex, and in vitro
transplants of cells from the Nkx2.1-/-MGE-like region onto
cortical feeder cells, suggest that Nkx2.1 is required for the
initial specification of the MGE-derived interneuron subgroups
(Xu et al., 2004). Upstream of Nkx2.1, sonic hedgehog
expression is required during the age range of neurogenesis to
maintain Nkx2.1 expression and the generation of Nkx2.1-
dependent interneuron fates (Xu et al., 2005). Downstream of
Nkx2.1, the transcription factor Lhx6 also appears to be
required for the interneurons to achieve the SST or PV
expressing phenotypes (V. Pachnis, personal communication;
Du and Anderson, submitted).
Despite these advances little is known about the differential

specification of SST versus PVexpressing interneurons. Is their
fate determined in the MGE or by factors they encounter
during or after migration to the cerebral cortex? In this paper,
we first demonstrate that cortical interneuron neurochemical
subgroup identity is primarily specified within a progenitor's
place of origin and does not appear to require cues received
during migration to the cortex. By assessing the fates of

different subregions of the MGE along the dorsal/ventral axis,
we show a strong fate bias exists for SST+ and NPY+
interneurons being generated by progenitors in the dorsal MGE
(dMGE) and PV+ interneurons from the ventral MGE
(vMGE). Finally, an RNA microarray-based analysis reveals
that a high level of molecular heterogeneity is present in the
dorsal or ventral MGE that may account for the specification of
these interneuron subgroups. As similar findings have recently
been reported by another group (Flames et al., 2007), evidence
is accruing that, like the ventral spinal cord, the cell fate in the
ventral telencephalon is partially determined by spatially
distinct progenitor domains.

Materials and methods

In vivo transplantation

E13.5 dams were sacrificed and the GFP+ embryos placed in ice-cold
Hank's buffer. The brains were removed and placed in NB/B27 medium, and the
ventral forebrain exposed by removing the dorsal and lateral regions of the
cortex (see Fig. 1A). At this age, the sulcus between MGE and LGE can easily
be visualized. Using fine forceps, this sulcus was slightly extended caudally, and
a cut made towards the midline at the rostral-most level of the thalamus. The
MGE was then gently freed from the underlying tissue and dissociated by
trituration with a fired glass pipette. In the case of dorsal and ventral MGE donor
tissue, cells were collected from 250 μm thick coronal sections as shown in Fig.
2A. Samples obtained from four separate slices were combined to maximize the

Fig. 1. Cortical interneuron subgroup identity is determined within the MGE. (A) The brain of an E13.5 embryo as viewed from above. Rostral is to the panel bottom.
To isolate the MGE, the neocortex (Ncx) was dissected away as shown for the right hemisphere. The sulcus between the MGE and LGE is extended slightly, and a cut
made along the medial–lateral axis at the level of the thalamus (Th). The MGE can then be separated free from the remainder of the brain. (B) Two injection sites per
hemisphere were made into each neonate (marked by X's). (C) By P30, transplanted GFP+ cells are found throughout the cortex, of which the majority has adopted
cortical interneuron morphologies. (D–G) Transplanted cells co-express interneuron subgroup markers including somatostatin (D–D′), parvalbumin (E–E′),
neuropeptide Y (F–F′), and calretinin (G–G′). Scale bar in panel A is 1 mm, in panel C is 200 μm.
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cell density. Each combined sample (four slices) was considered an individual
experiment for statistical purposes (n=3×4 slices=12 slices total).

Donor cells were resuspended in 15–30 μl of NB/B27 medium to a cell
concentration of roughly 40 cells/nl. The cells were then suction-filled into a
pulled glass micropipette (0.5 mm I.D., 1 mm O.D.) fitted to an oocyte
nanoinjector (Nanoinject II, Drummond). The use of this injector allowed for the
minimization of tissue damage by injecting small, well-defined volumes at a
relatively slow rate (23 nl/s). Each pup received ten injections of 69 nl each into
each of four injection sites placed 1 mm lateral to the midline, and either 1 mm
caudal to bregma or 1 mm rostral to the interaural line (see Fig. 1B). The
micropipette tip was placed 1 mm deep to the pial surface, allowing for the
injection of cells mainly into layers 3, 4 and 5. (Fig. 1C).

Co-cultures of MGE-derived cells on cortical feeders

Primary cortical feeder cultures (100,000 cells per 36 mm2 well of 16-well
chamber slides, Lab-Tek) were prepared from the dissociated cortices of
neonatal pups as previously described (Xu et al., 2004). Dorsal and ventral
MGE donor cells were obtained as described for the in vivo transplants, except
that each telencephalic slice was treated as a separate experiment. Two
thousand cells per well were added to cortical feeder cultures prepared 1 day
previously, and the cultures were maintained as previously described (Xu et al.,
2004).

Tissue collection and imunohistochemistry

Neonates receiving cell injections were sacrificed at P30. The mice were
perfused intracardially with 0.9% NaCl followed by 4% PFA and postfixed in
fresh 4% PFA for 4 h. The brains were then removed and sectioned in the
coronal plane at 40 μm on a vibratome. In vitro cultures were fixed for 20 min in
4% PFA except for those being processed for GABA immunolabeling, which
were fixed in 4% PFA+ 0.5% glutaraldehyde. Cell profile counts were made in
somatosensory cortex, between the genu of the corpus callosum and the
hippocampal commissure.

Primary antibodies used for immunofluorescence labeling included anti-
BrdU (mouse, Chemicon, 1:400; rat, Serotec, 1:200), calretinin (rabbit,
Chemicon, 1:2000; mouse, Swant, 1:5000), GABA (rabbit, Sigma, 1:5000),
GFP (rabbit or chick, Molecular Probes, 1:2000), Nkx6.2 (guinea pig, Johan
Ericson, 1:1000), NPY (rabbit, Immunostar, 1:2000), parvalbumin (mouse,
Chemicon, 1:5000), and somatostatin (rat, Chemicon, 1:400). Fluorescent
secondary antibodies were Alexa line (Molecular Probes, 1:500). Triple
labeling of in vitro cell cultures was performed using a Cy5-conjuated
secondary (Jackson Immunoresearch; Xu et al., 2004). The nuclear marker
DAPI (300 nM) was applied with the secondary antibodies. Signal was
detected by epifluorescence microscopy (Nikon E800) and images acquired
with a cooled CCD camera (Coolsnap HQ, Roper; Metamorph software,
Universal Imaging).

Fig. 2. A dorsal/ventral fate potential bias exists for MGE-derived progenitors transplanted both in vivo and in vitro. (A) The MGE of an E12.5 embryo dissected into
dorsal and ventral domains as shown. Dissected domains were limited to the lighter-colored, periventricular region that is produced in these dark-field images by the
higher cell packing density of the proliferative zone. Dissections of E13.5 and E14.5 MGE are performed similarly. (B) When E13.5 dorsal (d) and ventral (v) MGE
progenitors are transplanted in vivo, both SST- and NPY-expressing interneurons are preferentially generated from dMGE transplants, while PV-expressing
interneurons are preferentially generated from vMGE transplants. (C) At both E12.5 and E14.5, dMGE transplants also show a bias towards generating SST- and NPY-
expressing interneurons, while the vMGE transplants preferentially give rise to PV-expressing interneurons when transplanted in vitro onto cortical feeders. Unpaired
t-test: *pb0.05; **pb0.005. Scale bar in panel A is 200 μm.
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BrdU labeling and birthdating

For in vivo labeling of S-phase donor cells, one injection of BrdU (100 mg/
kg, interperitoneally) was made 1 h prior to sacrificing the dam. Following in
vitro culture on cortical feeder cells, GFP+ donor cells were processed for triple-
labeling immunofluorescence as described below.

For birthdating studies, injections of BrdU (50 mg/kg, i.p.) were made every
2 h times five. Twenty-five days after birth, animals for each age of injection
(E12.5, E14.5, E16.5) were deeply anethsthetized and perfused with 4%
paraformaldehyde (PFA) in PBS. Their brains were removed and postfixed in
4% PFA for 4 h. Following cryoprotection in 30% sucrose and embedding in
OCT (Tissue Tek), 10 μm thick coronal sections were mounted onto glass slides
and stored at −80 °C.

For visualization of BrdU and SST, sections were first processed for
somatostatin (rat anti-somatostatin; Chemicon; 1:400) followed by secondary
immunofluorescence (Alexa 488-conjugated anti-rat or rabbit; Molecular
Probes; 1:500). The slides were then fixed in 4% PFA for 30 min and processed
for BrdU immunofluorescence by incubation in 50% formamide, 2× SSC at
55 °C for 10 min followed by 2N HCl in PBS at 37 °C for 15 min and then 0.1 M
boric acid for 2 min. Sections were then rinsed, blocked in 5% fetal calf serum,
and treated overnight with mouse anti-BrdU (Chemicon; 1:400). The following
day, the slides were treated with secondary antibodies for both BrdU (Alexa 594-
conjugated anti-mouse; Molecular Probes; 1:500) and for SST.

GeneChip oligonucleotide array

Sample preparation for GeneChip arrays
RNA samples from dorsal and ventral MGE were obtained as follows.

Embryos were harvested from pregnant wildtype (non-GFP) dams at E13.5.
Dorsal and ventral MGE tissue samples were obtained as described above (see
also Fig. 1), and placed on ice in RNAlater stabilization reagent (Qiagen,
Chatsworth, CA). All dorsal/ventral MGE samples from one litter were pooled
and the RNA extracted and purified using the RNeasy Mini Kit (Qiagen). This
pooled RNAwas then considered a single sample, with three separate litters used
for the three samples used for the array hybridization. Prior to use in
amplification studies, the size integrity profile of all RNA samples was
determined with an Agilent Bioanalyzer. All RNA preparations provided (A260/
280) ratios greater than 1.8. RNA concentration was determined by Nanodrop
spectrophotometry.

RNA amplification, labeling and GeneChip array hybridization
2 μg total RNAwas first reverse transcribed using a T7-Oligo(dT) Promoter

Primer in the first-strand cDNA synthesis reaction. Following RNase H-
mediated second-strand cDNA synthesis, the double-stranded cDNA is purified
and serves as a template in the subsequent in vitro transcription (IVT) reaction.
The IVT reaction is carried out in the presence of T7 RNA Polymerase and a
biotinylated nucleotide analog/ribonucleotide mix for complementary RNA
(cRNA) amplification and biotin labeling. The biotinylated cRNA targets are
then cleaned up, fragmented, and hybridized to GeneChip array mouse genome
430 2.0. Hybridization conditions, array washing, staining (with GeneChip
Fluidics Station 450), and scanning (with GeneChip Scanner 3000) were carried
out according to the Affymetrix Expression Analysis technical Manual
(Affymetrix, Santa Clara, CA).

Data collection and analysis
Affymetrix GeneChip Operating Software (GCOS) was used as the image

acquisition software for the mouse 430 2.0 arrays. The signal, which represents
the intensity of each gene, was extracted from the image. The target intensity
value from each chip was scaled to 500. Data normalization, log transformation,
statistical analysis and pattern study were performed with GeneSpring software
(Silicon Genetics, Redwood City, CA).

Array data were globally normalized by using GeneSpring software. Firstly,
all of the measurements on each chip were divided by the 50th percentile value
(per-chip normalization). Secondly, each gene was normalized to the median
value of the samples (per-gene normalization).

Statistical comparison between the dorsal and ventral MGE samples was
performed using a Welch t-test with log-transformed data, with pb0.05. There
are totally 1483 genes scored as differentially expressed between two groups. To

further enhance the stringency for reporting differentially expressed genes in
Table S1, only those genes scored at “present” in all three samples in which it
showed higher expression levels were included. An exception was made in a few
cases where two of three samples showing higher expression levels were scored
as “present”, and none of three from the lower-expression samples were
“present”.

Results

Neurochemically defined cortical interneuron subgroup
identity is primarily specified within the MGE

In order to investigate the mechanisms underlying cortical
interneuron fate specification, we first asked whether
progenitor subgroup identity is established within the
progenitor's place of origin (the MGE) or whether the
eventual fate is influenced by instructive cues received en
route to the cortex. Supporting the former hypothesis is the
finding that the spatial and temporal origins of cortical
interneurons is predictive of both their neurochemical (Xu et
al., 2004), and their intrinsic physiological profile (Butt et al.,
2005; Miyoshi et al., 2007), as differentiated neurons.
Furthermore, while sonic hedgehog signaling is required for
the maintenance of Nkx2.1 expression and subsequent
specification of multiple cortical interneuron subgroups that
are generated from within the MGE, deletion of the hedgehog
effector protein smoothened in postmitotic interneuron
progenitors did not significantly affect cortical interneuron
specification, migration, differentiation, or survival (Xu et al.,
2005). These findings further suggest that cortical interneuron
fate specification, at least with regard to hedgehog signaling,
occurs in the MGE, rather than by instructive cues received
during migration to the cortex.
To further explore the hypothesis that neurochemical aspects

of cortical interneuron fate are specified within the MGE, we
transplanted MGE progenitors taken from E13.5 GFP-expres-
sing embryos directly into the cortex of cold-anesthetized P2
neonates (Figs. 1A, B). These pups were then sacrificed at P30
and the eventual fates of the GFP-expressing transplant cells
were analyzed by double immunofluorescence labeling for GFP
and various interneuron subgroup markers including SST, PV,
CR, and NPY, a peptide that partially overlaps with SST
expression (Gonchar and Burkhalter, 1997; Kubota and
Kawaguchi, 1994). By P30, GFP+ neurons can be seen
scattered throughout the cortex (Fig. 1C), the vast majority of
which exhibit interneuron-like, non-pyramidal morphologies.
Substantial percentages of double labeling (for quantification,
see Table 1) were seen with GFP and SST (Fig. 1D), PV (Fig.
1E), and NPY (Fig. 1F). A smaller percentage of GFP+ cells co-
labeled for CR (Fig. 1G). As recent evidence has suggested that
the vertically oriented CR+ cells with bipolar or bitufted CR+
dendritic morphologies primarily originate within the caudal
ganglionic eminence (Butt et al., 2005; Lopez-Bendito et al.,
2004; Xu et al., 2004), the GFP+/CR+ population from the
MGE are likely to be largely composed of the SST+/CR+
multipolar population (Wang et al., 2004b; Xu et al., 2006).
These findings are in agreement with a recent publication, in
which grafts of MGE progenitors were shown to differentiate
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into GABAergic interneurons upon transplantation into P3–4
neonatal cortex (Alvarez-Dolado et al., 2006).
Together, these data are strikingly similar to those previously

published by Butt et al. (2005) from their isochronic in utero
transplants and by Xu et al. (2004) using a cortical feeder co-
culture system (for summary, see Table 1). The similarity in
results from homotopic MGE transplants versus transplants
directly into cortical environments in vitro or in vivo suggests,
at least for the vertically oriented CR+ population versus those
that express PVor SST, the potential to attain these interneuron
subgroup identities is established in the MGE or CGE.
Furthermore, this process does not require factors encountered
during their migration into the cerebral cortex.

Distinct origins of PV and SST-expressing interneurons within
the MGE

In addition to the data presented above, multiple lines of
evidence suggest that PV+ and SST+ cortical interneurons
originate primarily within the MGE where they are dependent
on the transcription factor Nkx2.1 for their specification (for
review see Wonders and Anderson, 2006). The important
question remains as to how these subgroups become differen-
tially specified. Our initial approach to this question is to
determine whether, as in the spinal cord (Briscoe et al., 2001;
Jessell, 2000; Liem et al., 1997; Muroyama et al., 2002; Zhuang
and Sockanathan, 2005), there are distinct progenitor domains
along the dorsal–ventral axis of the MGE. To test this
possibility, progenitors were dissected from the proliferative
zones of the dorsal or ventral MGE (as shown in Fig. 2A), then
transplanted directly into neonatal cortex (as in Fig. 1). Like
whole MGE transplants, both dorsal and ventral MGE
transplants generate SST+, and PV+ interneurons similar to
those shown in Figs. 1D, E. However, dorsal MGE (dMGE)
transplants showed roughly double the percentage of co-
expression with SST than ventral MGE (vMGE) transplants
(n=3; dMGE 63.24±4.61%, vMGE 31.21±2.98%; p=0.007).
Conversely, vMGE transplants showed a bias towards co-
expression with PV (n=3; dMGE 30.23±3.78%, vMGE 59.18±
7.19%; p=0.04). These findings, summarized in Fig. 2B,
suggest the existence of a cell-fate bias within the MGE that

preferentially directs dMGE progenitors towards SST-expres-
sing and vMGE progenitors towards PV-expressing fates.
To further investigate this difference in fate potential, similar

dorsal vs. ventral (d/v) MGE transplant experiments were
performed using a previously described in vitro co-culture system
(Xu et al., 2004; Xu et al., 2005). This system mimics the
development of MGE progenitors in vivo and has the advantage
of allowing for higher throughout and more experimental control.
d/vMGE progenitors (Fig. 2A) from E12.5 and E14.5 GFP-
expressing embryos were transplanted onto primary cortical
feeders prepared the previous day from P0 neonates (Xu et al.,
2004). After 2–4 weeks in vitro, the fates of the d/vMGE neurons
(GFP+) were examined by co-labeling with SST, NPY, or PV.
Similar to the observationsmade in vivo, E14.5 dMGE transplants
were more likely to generate SST interneurons compared to
vMGE transplants (Fig. 2C; n=3; pb0.005) whereas PV
interneurons are primarily generated from ventral transplants
(n=3; pb0.05). This effect was also observed in transplants from
E12.5 transplants for both SST (n=6; pb0.0001) and PV (n=3;
pb0.05). At both ages, NPY was primarily generated from
dMGE (at E12.5, n=4; pb0.05; at E14.5, n=3; pb0.05),
consistent with its partial overlap with the SST+ population.
Although a significant difference in fate potential was seen

between the dorsal and ventral MGE, significant heterogeneity
remained within the transplants. One possible explanation for
this is that postmitotic interneuron progenitors from the vMGE
migrate through the dMGE en route to the cortex, resulting
dilution of the “dMGE-born” sample (Fig. 3A). To identify
transplanted cells that were in S-phase of the cell cycle
immediately prior to transplantation, BrdU (100 mg/kg) was
injected into E12.5 dams 1 h prior to sacrifice. Following
14 days in vitro, there was no significant difference in the
percentage of BrdU expression by GFP+ neurons from dMGE
or vMGE transplants (Fig. 3F; n=3; p=0.17). In contrast, there
was a 3.75-fold higher co-localization of SSTwith BrdU/GFP in
dMGE cultures compared to vMGE cultures (Fig. 3E; n=3;
p=0.005). As previous studies have shown that tangentially
migrating interneurons are postmitotic (Polleux et al., 2002; Xu
et al., 2003, 2005) the finding that the percent co-labeling for
SST within S-phase-labeled (BrdU+/GFP+) dMGE transplants
was significantly higher than for the non BrdU-labeled dMGE
transplant (69.93±2.15% vs. 43.70±2.71%; pb0.001) supports
the hypothesis that postmitotic progenitors from the vMGE are
contributing to the dMGE transplants. In sum, these data
suggest that interneuron subgroups have distinct origins within
the MGE, with the dMGE primarily generating SST+
interneurons and the vMGE generating PV+ interneurons.

SST and PV interneurons in superficial or deeper cortical
layers are born contemporaneously

While the evidence presented above suggests the existence
of a spatial bias of SST and PV interneuron progenitors within
the MGE, an alternative or additional mechanism for differen-
tially specifying these subgroups is one in which SST+ and PV+
interneurons are born at different times. There is precedence for
this hypothesis, as SST or calbindin and CR/vasoactive

Table 1
Interneuron subgroup specification is not affected by transplant host
environment

E13.5→P2 Ctx
in vivo

E13.5→E13.5
MGE in utero a

E14.5→P0 Ctx
in vitro b

% Total cells % Total cells % Total cells c

SST 37.7 435 34.8 443 26.3 1399
PV 52.9 359 57.3 389 59.1 473
NPY 9.8 193 6.8 443 N.S. N.S.
Calr 9.3 216 3.5 578 0 515

N.S.—not studied.
a Butt et al., 2005.
b Xu et al., 2004.
c The data presented for the in vitro cultures are expressed as an average
percentage of co-labeling across multiple cell cultures (each containing roughly
100–200 GFP+neurons).
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intestinal peptide (VIP)-expressing interneurons of a given layer
appear to have different temporal origins (Cavanagh and
Parnavelas, 1988, 1989; Yozu et al., 2004). However, to our
knowledge no direct comparison of the birthdates of SST+
versus PV+ interneurons has been published in the mouse.
To determine the age at which SST and PV interneurons exit

the cell cycle in vivo in the mouse, a cohort of proliferating cells
were labeled with injections of BrdU in a paradigm designed to
approximate the labeling of the entire cycling population at a
given age (see Materials and methods). Injections were made at
either E12.5, E14.5, or E16.5 to label the early, mid, and later
phases of neurogenesis. Cryosections from these animals were
then processed at P25 for immunofluorescence. Injections made
at E12.5 labeled cells throughout cortical layers II–VI, with the
strongest labeling being in the deeper cortical layers, pre-
sumably due to their exiting the cell cycle prior to diluting their
BrdU content by subsequent divisions. Consistent with the well-
established “inside-out” gradient of overall cortical neurogen-
esis (Angevine and Sidman, 1961; Caviness and Sidman, 1973),
the E14.5 and E16.5 injections labeled increasingly superficial

cells and fewer deep layer cells (data not shown; see also Xu et
al., 2004).
To determine the birthdates of SST+ and PV+ interneurons,

double immunofluorescence labeling was performed for BrdU
and either PV (Fig. 4A) or SST (Fig. 4B), and the percentage of
each interneuron subtype within the somatosensory cortex that
incorporated BrdU at each time point was determined. As
shown in Fig. 4C, there was no significant difference between
the percentages of either interneuron subgroup that incorporated
BrdU at any of the three time points studied. This suggests that
SST+ and PV+ interneuron progenitors of a given layer undergo
their final S-phase at similar times during development,
consistent with reports of the overall birthdates of GABAergic
cortical neurons (Fairén et al., 1986; Peduzzi, 1988).

Differences in gene expression within the dorsal or ventral
MGE

Together, these findings suggest that SST+ and PV+
interneurons are specified within different subregions of the

Fig. 3. Dorsal MGE cells labeled in S-phase 1 hr prior to transplantation in vitro show a strong bias towards SST+interneuron generation. (A) Embryos are exposed to
BrdU for 1 h, allowing for the labeling of those cells in S-phase immediately prior to transplantation. This labeling makes it possible to separate “dMGE born” and
“vMGE born” progenitors based on their expression of BrdU (orange). (B–E) Immunofluorescence labeling for BrdU (B), GFP (C), and SST (D) in transplant cultures
grown for 10 DIV. (F) dMGE progenitors that had been in S-phase 1 h prior to transplant as labeled by an injection of BrdU (100 mg/kg) show a very pronounced bias
towards SST interneuron generation compared to vMGE. (G–H) There is no significant difference in BrdU incorporation (% of cells that are BrdU+ at 10 DIV) or cell
survival between dorsal and ventral MGE transplants. Unpaired t-test: *pb0.05; **pb0.005.
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MGE, which implies that there are differences in gene
expression between the dorsal and ventral MGE. However,
aside from the dependence of SST+ and PV+ interneurons on
the expression of Nkx2.1 (Xu et al., 2004, 2005) and Lhx6 (V.
Pachnis, personal communication; Du and Anderson, unpub-
lished data), little is known about the genetic specification of
those subgroups. To address this question, we analyzed the gene
expression profiles of dorsal and ventral MGE progenitors using
oligonucleotide microarrays. After establishing a twofold
change cutoff and P value b .05, between the two populations
(see Materials and methods), and we find a total of 687 probes
(331 in dMGE, 296 in vMGE) that appear preferentially
expressed in one population relative to the other. This number
has been further refined by only excepting transcript identifica-
tions in which all three samples in the enriched source read as
“present” (2 or 3 read as present were accepted in a few cases
where 0/3 were present in the lower-level sample). Based on
these criterion, a complete list of identified genes is presented in
Table S1 (48 enriched in dMGE and 59 vMGE).
A considerable number of the identified genes in Table S1

have been confirmed or suggested (depending on quality of the

coronal section and in situ signal) as differentially expressed on
the dorsal–ventral axis of the MGE based on ours and previous
studies. Interestingly, a number of dorsally enriched genes are
either downstream effectors of (Gli1, Gli2, Hhip1), or are
transcriptional targets of (Nkx6.2), the sonic hedgehog signaling
pathway (Fig. 5 and (Flames et al., 2007; Loulier et al., 2005;
Stenman et al., 2003; Tole et al., 2000; Xu et al., 2005). In fact,
Gli2, Nkx6.2, and Hhip1 are 3 of the top 5 “hits” for the dorsally
enriched genes.
vMGE-enriched genes that have been confirmed by ours or

previous studies include sulfatase 1, sulfatase 2, brevican, and
FoxJ1 (Fig. 5), as well as Zic1 and Zic3 (Inoue et al., 2007), Lhx7/
8 (Flames et al., 2007). In sum, these results suggest that a
considerable level ofmolecular heterogeneity exists on the dorsal–
ventral axis of theMGE, and correlateswith the bias for generation
of different cortical interneuron subgroups from these regions.

Discussion

Previous work has demonstrated that cortical interneurons
expressing PV and SST primarily originate within the MGE

Fig. 5. An array based approach to identify genes enriched in the dorsal or ventral MGE. (A) The plot shows results averaged from 3 separately prepared, non-amplified
RNA samples of dorsal or ventral MGE (dMGE, vMGE), run on the Affimatrix 430 2.0 array. Distance from the origin reflects strength of signal. Distance from the
diagonal line is proportion to relative difference between dorsal and ventral signals for that RNA such that RNAs above the line are enriched in the dMGE, whereas
RNAs below the line are enriched in the vMGE. (B–D) Several of the genes identified as enriched in the dMGE are known to be selectively expressed. Gli1 and
Nkx6.2 expression in the dMGE have been shown to remain dependent on Shh signaling after initial patterning has been established (Xu et al., 2005). (E) Hedgehog
Interacting Protein 1 (Hhip1) is also expressed in the dMGE along with another Shh signaling inhibitor, patched (Loulier et al., 2005). Hhip1 acts as an antagonist of
Hedgehog signaling (Chuang et al., 2003), although it could conceivably also act to concentrate Hh proteins into a defined region where net Hh signaling could be
enhanced (Saha and Schaffer, 2006).

Fig. 4. SST- and PV-expressing interneuron subgroups are generated contemporaneously during development. The cortex of P30 mice, exposed to BrdU at E12.5,
E14.5, or E16.5 as previously published (Xu et al., 2004), was processed for immunofluorescence for BrdU and either parvalbumin (A; PV) or somatostatin (B; SST)
with arrows indicating co-expression. (C) The percentages of SST/PV co-labeling with BrdU are not significantly different at any of the ages studied in either the
superficial (Layers II–IV) or deep (Layers V–VI) cortex.
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(Butt et al., 2005; Valcanis and Tan, 2003; Wichterle et al.,
2001; Xu et al., 2004). Additionally, both interneuron
subgroups require the expression of Nkx2.1 for their specifica-
tion (Xu et al., 2004, 2005). However, it has been unclear
whether the potential to express PV or SST during postnatal
development is imposed on MGE-derived interneurons during
their genesis in the MGE, during migration to the cortex, or
during post-migratory development. Here we present evidence
that different progenitor domains exist within the MGE along
the dorsal/ventral axis, with the dorsal MGE primarily
generating SST+ interneurons and the ventral MGE primarily
generating PV+ interneurons. These results suggest that aspects
of interneuron fate determination are established at their cites of
origin in the MGE.

A bias for the generation of interneuron subgroups within the
dorsal–ventral axis of the MGE

Similar to those of recently published study (Flames et al.,
2007), our results suggest that relative to each other, vMGE
progenitors are about twice as likely to become PV+
interneurons, and dMGE progenitors are about twice as likely
to become SST+ interneurons (Fig. 2). Moreover, when only
those cells that were in s-phase shortly before transplantation
are considered, thus excluding migratory vMGE cells transiting
dMGE subventricular zone, the dorsal bias for generating SST+
cells grows to 4:1 (Fig. 3). So why should these seemingly
arbitrary neurochemical markers display tendencies for distinct
origins within the MGE? The calcium binding protein PV and
the neuropeptide SST are expressed in non-overlapping
subgroups of cortical and striatal interneurons that together
comprise about 65% of cortical interneurons in mice (Gonchar
and Burkhalter, 1997; Kubota and Kawaguchi, 1994; Tamamaki
et al., 2003). Both subgroups are composed of a number of
distinct interneuron types, where an interneuron type is defined
by distinctive combinations of physiological, neurochemical,
morphological, and connectivity-based characteristics. While it
may be surprising that the PV versus SST neurochemical
features should have largely distinct origins, these subgroups
also tend to feature other differences. For example, the PV-
expressing subgroup includes large basket cells, nest basket
cells, and chandelier cells. Both the large basket and the
chandelier cells express the potassium channel Kv3.1 that
contributes to the “fast spiking” characteristic of these cells
(Weiser et al., 1995). The SST-expressing subgroup neither
generally expresses this channel nor generally has fast-spiking
characteristics. In addition, the connectivity of the PV-
expressing subgroup tends to include innervation of the cell
soma or axon initial segment of pyramidal neurons (DeFelipe,
1997). In contrast, the SST-expressing subgroup tends to target
distal dendrites (Katona et al., 1999)(but see also (Gonchar et
al., 2002)). Thus, the seemingly arbitrary PV versus SST
characteristic also generally correlates with differences in
interneuron physiology and connectivity. Since the transplanta-
tion studies are suggestive that an incomplete bias, or gradient
of interneuron fates are generated on the dorsal–ventral axis of
the MGE, future studies will be needed to determine whether

types of interneurons within each group, that either do or do not
share the group's connectivity or physiological tendencies, also
are biased in terms of their origins. For example, it may be that
PV is a less-specific characteristic of ventral MGE interneurons
than the tendency to innervate the cell soma, or the tendency to
have a fast-spiking physiology.
In addition to the question of whether PV versus SST

expression per se is the most parsimonious or relevant way to
distinguish most MGE-derived interneurons, a caveat to the
data presented on BrdU birthdating of these subgroups deserves
mention. Although the data suggest that no gross difference
exists in the time of generation of PV versus SST-expressing
interneurons within a given cortical layer (Fig. 4), the resolution
of this experiment is inadequate to determine whether subtypes
of SST-expressing interneurons from distinct subcortical
regions have distinct temoral origins. In fact, recent evidence
suggests that within these subgroups, physiologically-(and
possibly connectivity-) defined subtypes are generated in a
temporal sequence (Miyoshi et al., 2007).
It also should be noted that the MGE gives rise to multiple

types of neurons in addition to the SST and PV interneuron
subgroups of the cerebral cortex, such as the same neurochemi-
cally-defined subgroups in the striatum (Kubota and Kawagu-
chi, 1994; Marin et al., 2000), and PV+, GABAergic projection
neurons of the globus pallidus (Xu et al., 2008). Evidence that
striatal and cortical interneurons can be lineage-related (Reid
and Walsh, 2002) suggests that the dorsal–ventral bias for SST
versus PV+ interneurons applies to the far less numerous striatal
population in addition to the cortical population. It is more
difficult to assess whether displaced PV+ pallidal projection
neurons are strongly represented among the cortical transplants
and whether these would have the same bias towards vMGE
generation. However, a small minority of PV+ neurons from
these transplants are heavily spiny (Welagen and Anderson,
unpublished data), a prominent characteristic of PV+ pallidal
projection neurons, suggesting that their survival through the
transplantation procedure or in postnatal cortex may be
compromised.

Microdomains of gene expression along the dorsal–ventral
axis of the MGE

Although as measured by PV versus SST interneuron
subgroup generation in the MGE is better described as a bias
or gradient than as generation within discreet domains, the
presence of this bias in generation of interneuron subgroups has
important implications for the fate determination of these cells.
First, it suggests that the potential to achieve the PV or SST-
expressing fate is specified at the cell's origins in the MGE,
rather than during later stages of migration or post-migratory
differentiation. Together with the evidence that whole-MGE
transplants results in similar ratios of PV, SST, and CR-
expressing cells regardless of being transplanted homotopically
in vivo, heterotopically and heterochronically into the neonatal
cortical plate in vivo, or onto a feeder layer made of dissociated
neonatal cortex, these results suggest that key decisions for
interneuron fate are probably being made during the final cell
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cycle such that later cues are primarily permissive rather than
directive of achieving a particular fate (Fig. 1). This idea is
further supported by our previous finding that cycling MGE
progenitors lose Nkx2.1 expression and their ability to generate
PV or SST-expressing interneurons in response to acute
reductions of Shh signaling (Xu et al., 2005).
An important implication of this notion is that cell-based

therapy of seizures disorders or other neuropsychiatric condi-
tions using MGE-derived progenitors, or embryonic stem cells
directed into MGE-like progenitors, should have predictable
fate potential based on the source/molecular profile at the time
of transplantation. Of course, cortical factors will still be
required for interneuron survival, migration, and connectivity
within the cortex (Marty et al., 1997; Trinh et al., 2006).
A second key implication of this bias in interneuron

subgroup origin is that molecular differences should exist in
the progenitor zone that contribute to this bias. Indeed, a
number of genes, including Nkx6.2, Gli1, Gli2, and Hhip1, are
enriched within the sulcus region of the dorsal MGE. To further
establish the presence of molecular differences between the
dorsal and ventral MGE, we conducted a microarray experiment
on RNA samples from E13.5 MGEs. All the of above genes
were identified in this array as significantly enriched in the
dorsal MGE, along with about 100 others that appeared to be
enriched in either the dorsal or ventral domain (Tables S1). Of
the ventrally enriched genes, the transcription factor FoxJ1, that
functions in cell polarization and cilia formation (Huang et al.,
2003; Zhang et al., 2004), and sulfatase 1, whose activity can
alter heparin sulfate proteoglycans such that the morphogen Shh
becomes concentrated (Danesin et al., 2006), have been
confirmed by in situ hybridization. Other interesting “hits” in
the array include Zic1 and Zic3, cell fate-influencing transcrip-
tion factors that in addition to the array data have recently been
shown to be highly enriched in the vMGE (Inoue et al., 2007).
Although differential expression of the large majority of array-
identified genes has not yet been confirmed, the fact that nearly
all of the handful of transcripts known to be differentially
expressed in the MGE are indeed identified by the array
strongly suggests that many of the unconfirmed transcripts, that
include potentially fate-regulating proteins, are correctly
identified. A causal link between any of these genes and
interneuron fate determination remains to be determined.

Paradoxical enhancement of Shh signaling with the
dorsal-most MGE

The presence of Gli1, Gli2, and Hhip1 suggest that Shh
signaling is relatively enhanced in the dorsal-most region of the
MGE, and this signaling appears to be required for the
maintenance of Nkx6.2 expression (Xu et al., 2005). In addition,
although loss of Shh signaling during the period of neurogenesis
greatly reduced the expression of Nkx2.1 in S-phase cells of the
MGE, the effect is most pronounced in the dorsal MGE (Xu et
al., 2005; the same study showed a more pronounced loss of
SST+ than PV+ interneurons in postnatal cortex of NestinCre:
Shhfl/fl mice). However, studies of Shh mRNA expression show
highest levels of detection in the proliferative zone of the

preoptic region that underlies the MGE, and in the mantle region
of the MGE. Thus, if any SHH protein gradient existed, it would
be expected to be ventral high-dorsal low as in the spinal cord.
This paradox raises the possibility that SHH concentration is
substantially distorted by variable diffusion within the extra-
cellular matrix, and that another signaling pathway, such as that
of fibroblast growth factors (FgFs), might be relatively more
important for ventral MGE expression of interneuron-fate
determining genes (Gutin et al., 2006).
In sum, we provide evidence for genetic microdomains in the

MGE that correlate with biases in the generation of two major
subgroups of cortical interneurons. These data suggest that,
together with the fate-related domains of the lateral ganglionic
eminence, to a significant extent cell fate in ventral telence-
phalon is spatially regulated similar to that seen in the spinal
cord. While we would expect that, as also holds for spinal cord,
important aspects of interneuron fate diversity will be also
generated by temporal regulation (Miyoshi et al., 2007) and by
Notch-delta mediated fate sequestration (Mizuguchi et al.,
2006; Mizutani et al., 2007), the spatial segregation of specified
progenitors should enhance efforts to identify fate-determining
factors of cortical interneuron subtypes.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ydbio.2007.11.018.
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Abstract
Parvalbumin expressing interneurons originate from the medial ganglionic eminence (MGE) 
and include two subtypes, chandelier and basket cells. It is unknown if these subtypes origi-
nate from a common progenitor within the MGE, which was addressed in this study. MADM 
technology was selected to perform clonal analysis. Using a transplantation assay, it was 
confirmed that progenitor cells that are fated towards chandelier and basket cells originate 
from the mitotically active MGE. The MGE-specific Nkx2.1 promoter was selected to drive 
MADM technology and result in exclusive labeling of MGE-derived cells. Using Nkx2.1Cre/
MADM mouse, chandelier and basket cells were labeled and easily distinguished from each 
other, as tested in P30 primary cortex. Analysis of ratios of chandelier cells and basket cell 
profiles between animals suggested that these subtypes do not share progenitors within the 
MGE. Testing of P25 primary cortex revealed, however, that MADM labeling also took place 
in non-mitotic cells suggesting that cells were labeled outside the MGE. In conclusion, re-
sults were indicative of different progenitors for chandelier and basket cells in the MGE, but 
due to extended labeling, not yet decisive. Alternative approaches are discussed. 

Introduction
The epithelium that lines the ventricles of the telencephalon is the main source of cortical 
interneurons (Parnavelas et al., 2000, Marin et al., 2001, Marin et al., 2003). Despite its 
complexity, the molecular basis underlying fate specification of these interneurons is slowly 
being uncovered, driven by its relevance for neurological and psychiatric disease. Different 
types of interneurons include the Neuropeptide Y (NPY), somatostatin (SST) and parvalbu-
min (PV) expressing subgroups (Gonchar et al., 1997, Kawaguchi et al., 1997). Using trans-
plantation experiments it was shown that the SST and PV expressing groups originate from 
the medial ganglionic eminence (MGE) (Xu et al., 2004, Butt et al., 2005). Within the PV 
group, specific types include chandelier and basket interneurons (DeFelipe et al., 1989). Both 
cell types are fast spiking, express PV, originate from the MGE and are therefore likely to be 
related to each other. In addition these cells are morphologically distinguishable. This raises 
the question if there is a shared progenitor of chandelier and basket cells within the MGE. 
Regarding the progenitor of chandelier and basket cells, two models are suggested: a) either 
they share the same progenitor, which after cell division, will result in multiple daughter cells 
that receive different fate specification cues resulting in either basket or chandelier cells. b) 
basket and chandelier cells originate from different progenitors within the ventricular zone 
(VZ) of the MGE (see Fig.1). To determine if chandelier and basket cells share progenitors, 
different fatemapping strategies can be used such as transplantation assays and assays based 
on molecular markers. In the past, strategies to study the origin of cells in the telencephalon 
have focused on transplantation experiments and slice culture experiments (Corbin et al., 
2001; Marin and Rubenstein, 2001; Wonders and Anderson, 2006). So far, fatemapping based 
on molecular markers of progenitor areas proved to be challenging as genes are switched off 
as cells leave the progenitor area. However, the introduction of Cre recombinase has become 
a key tool in studying neuron diversity (Kessaris et al., 2006; Nagy et al., 2000), removed 
this issue and added this method to the repertoire of feasible strategies. For clonal analysis 
of chandelier and basket progenitor cells it is required to label a very low number of cells 
within the MGE and track their fate into the specific interneurons. Initial studies using the 
Nkx2.1Cre/actin promoter driven floxed stopcodon N-terminal 
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fused to GFP coding sequence-mouse (Xu et al., 2008), resulted in too high recombination 
frequencies. Recently, the MADM mouse became available which, in combination with Cre 
recombinase, exhibits a low frequency of intrachomosomal recombinations resulting in a low 
number of labeled cells.  This strategy has been described as a tool for clonal analysis studies 
in mice (Luo et al., 2005; see Fig.2). Since label profiles are dependent on the cell cycle stage 
of the cells in the MADM mouse, it also allows to distinguish between cells that are mitoti-
cally active (like the MGE) or not.
Here, we describe clonal analysis of basket cells and chandelier cells, using the MADM 
strategy. The results show that the Nkx2.1Cre mouse in its current form is not suitable to 
be combined with the MADM strategy for determining whether chandelier and basket cells 
share a progenitor in the MGE. Modifications of this model or alternative approaches will be 
discussed.  

Materials and Methods

In vivo transplantation
Fluorescent labeled embryonic MGE cells (E13.5) were transplanted into postnatal non-la-
beled cortex (P0) to study if basket cells and chandelier cells are already committed at this 
embryonic stage. The MGE cells were harvested and transplanted as described previously 
(Wonders et al., 2008). In brief, GFP-labeled brains were removed at E13.5 from PAN GFP 
expressing mouse embryos (Hadjantonakis et al., 1998). Brains were sectioned coronally 
(250 um thick) using a vibratome (Thermo Scientific HM650V). MGE tissue was isolated 
using sharp fine forceps. Subsequently, it was dissociated by trituration, centrifuged at 500g 
for 5 min, resuspended in 15-30 μl of NB/B27 medium and adjusted to a concentration of 
~40 cells/nl. Cells were suction-filled into a beveled (48000 Micropipette beveler, World 
Precision Instruments, Sarasota Fl.) glass micropipette (0.5mm I.D., 1mm O.D.), fitted to 
an oocyte nanoinjector (Nanoinject II, Drummond) and injected into P0 neonate cortex . 
Cells were injected at an injection rate og 23 nl/sec. Each brain received 35 injections (69 
nl /injection) placed  1mm lateral to the midline and 1mm rostral to the interaural line. The 
micropipette tip was placed 1mm deep relative to the pial surface, ensuring the injection of 
cells mainly into layers 3, 4 and 5. Injected mice were sacrificed at P30.

Mouse maintenance and genotyping
Mice were maintained and treated in accordance with the guidelines set by the Weill Cor-
nell Medical College and the National Institutes of Health. To label MGE derived clones 
of progenitors, the Nkx2.1Cre mouse (Xu et al, 2008) was crossed with the MADM mouse 
(kindly provided by Luo et al., 2005), resulting in a Nkx2.1Cre/MADM mouse. MADM 
mice were maintained on a CD1 background.  Offspring was genotyped using a PCR on 
genomic DNA isolated from tail lysates. PCR was performed for three specific products: 
Cre recombinase, green/red and red/green MADM genomic recombination products (see G1 
phase, Fig.2). Cre recombinase was PCR amplified using Cre forward (5’-TAAAGATATCT-
CACGTACTGACGGTG-3’) and Cre reverse primer (5’-TCTCTGACCAGAGTCATCCT-
TAGC-3’). Green/red (GR) MADM genomic recombination product was PCR amplified 
using MAD1 forward (5’-CCGACTACAAGAAGCTGTCCTTCC-3’) and MAD2 reverse 
primer (5’-TGAGCTTTTGCTCCATTTCATTCA-3’). Red/green (RG) MADM genomic 
recombination product was PCR amplified using MAD3 forward (5’-TTCTTCAAGGAC-
GACGGCAACTAC-3’) and MAD4 reverse primer (5’-TATCCTT
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GTAAAGCTCGTCCATGC-3’). PCR reactions were carried out at 94C 30”, 58C 30”, 72C 
45”, for 30 cycles.  

Tissue preparation 
From Nkx2.1Cre/MADM mice brains were harvested at different time points, respectively 
E12.5, P25 and P30. Therefore, mice were perfused intracardially with 1X PBS followed by 
4% PFA and postfixed in fresh 4% PFA for 4 hours. Brains were removed and sectioned (40 
um thick) in the coronal plane using a vibratome.  Primary motor cortex (P25 and P30) or the 
MGE (E12.5) were analyzed in the sections using immunofluorescence assays. 

Immunofluorescence assays
Immunofluorescence assays were performed using the following primary antibodies; rabbit 
anti-GFP (Molecular Probes, 1:2000), goat anti-N-myc (Novus Biologicals, 1:200) and rab-
bit anti-parvalbumin (Swant, 1:5000). Fluorescent secondary antibodies used were Alexa line 
(Molecular Probes, 1:500) and Cy5-conjugated secondary (Jackson Immunoresearch, 1:500). 
The nuclear marker DAPI (final conc. 300 nM) was applied together with the secondary an-
tibodies. The signal was detected by epifluorescence microscopy (Nikon E800) and images 
were acquired using a cooled CCD camera (Coolsnap HQ, Roper; Metamorph software, 
Universal Imaging).

Data collection and analysis
Quantification of chandelier and basket cell ratios was performed by counting fluorescent cell 
profiles in layers 2-4 of the primary motor cortex between the genu of the corpus callosum 
and the hippocampal commissure of P30 Nkx2.1Cre/MADM mice. PV+ Chandelier cells 
were recognized by clustered terminals that are densely grouped together, also referred to as 
vertically shaped cartridges. The other PV+ cells, the basket cells were recognized by curved 
terminal branches of axons (Ascoli et al, 2008). Seven animals were analyzed and per animal, 
133-235 cell profiles were counted. Statistical comparison of samples was performed using a 
one way ANOVA to determine differences in clonal origin.

Results
Chandelier and basket cells originate from the Medial Ganglionic Eminence 
To label cells using the MADM strategy, expression of Cre recombinase needs to be driven 
by a promoter specific to the area of interest. Previous reports have described that basket cells 
and chandelier cells originate from the MGE, an area where Nkx2.1 is specifically expressed 
(Wichterle et al., 2001, Alvarez-Dolado et al., 2006). To determine the eligibility of Nkx2.1 
promoter for the MADM strategy in our studies to label MGE derived cells, a control experi-
ment was conducted to confirm previous reports (see above). Transplantation of E13.5 GFP-
labeled MGE derived cells into the P0 cortex showed fluorescent chandelier cells (see Fig.3). 
Similar results were observed for basket cells (results not shown). In addition to morphologi-
cal characteristics, cells were identified by the presence of parvalbumin. Interestingly, lower 
levels of immunoreactivity for parvalbumin were detected in chandelier cells compared to 
basket cells. Our data confirmed previous reports that the MGE includes progenitor cells that 
are fated towards chandelier and basket cells. Therefore the Nkx2.1 promoter was selected to 
drive expression of Cre recombinase in the MADM mouse model and to label MGE derived 
cells exclusively. 
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Chandelier and basket cells are labeled in Nkx2.1Cre/MADM mouse 
To determine whether chandelier and basket cells share a common progenitor in the MGE, a 
clonal analysis study was performed using the Nkx2.1Cre/MADM mouse. Since Nkx2.1 pro-
moter is active in the MGE, an area which is mitotically active, MADM recombined cells are 
expected to be either green, red, double- or unlabeled (see Fig.2). If recombination occurred 
post-mitotically, recombined cells are expected to be double labeled exclusively. First, labeled 
cells were analyzed in the primary cortex of P30; a stage in which both the chandelier and 
basket cells are fully matured into their typical morphology and, when labeled by Nkx2.1Cre/
MADM, could be easily distinguished from each other. Since RFP-MYC did not allow for 
morphological recognition of chandelier cells due to weak signal, analysis was limited to 
GFP labeled cells. In P30 primary cortex, the density of GFP-labeled cells was such that the 
axons of labeled cells could be easily recognized and assigned to their respective cell body, 
allowing proper cell identification (Fig.4A). The low number of labeled cells compared to the 
total number of MGE derived cortical cells (PV, SST) suggests low frequency of recombina-
tion in the MGE of the Nkx2.1Cre/MADM mouse. This was in line with previous data that 
have pointed to low recombination rates in MADM mice (Luo et al., 2005). Chandeliers and 
basket cells were labeled and exhibited their typical morphology in the primary motor cor-
tex, suggesting that Cre recombinase was expressed in MGE in Nkx2.1Cre/MADM mouse 
(Fig.4B/C). The vertically aligned cartridges of the chandelier cells were clearly detectable 
(see example in Fig.4B). The majority of chandelier cells were observed at the boundary of 
layer 1 and 2 but within layer 2. The basket cell axons were hooked around pyramidal neuron 
cell bodies as shown in figure 4C. This facilitated easy identification of both cell types and 
allowed analysis of chandelier versus basket cell ratios. 
Second, ratios of chandelier cells and basket cell profiles were determined in layers 2-4 of 
the primary motor cortex between the genu of the corpus callosum and the hippocampal 
commissure of P30 Nkx2.1 Cre/MADM mouse (Fig. 4D). If model A is valid (Fig.1), where 
chandelier and basket cells share a common progenitor in the MGE, similar ratios of basket 
to chandelier cells are to be expected between animals. However, this was not observed as 
ratios vary significantly between the animals studied (SD: 0.02, one way ANOVA sig. Level 
of 0.00). Based on these results, model B in which chandelier and basket cells have different 
progenitors within the MGE, is more likely to be true. 

The Nkx2.1Cre/MADM mouse is not optimal to test if chandelier and basket cells share a 
common progenitor
To define whether chandelier and basket cells share a common progenitor using the MADM 
strategy, tight regulation of Cre recombinase expression is essential. Recent experiments in 
our laboratory, which were performed in parallel to this study, showed that Cre recombinase 
protein was detectable not only in the MGE, but also in the cortex (Xu et al., 2008). Two ad-
ditional time points earlier in development (E12.5, P25) were tested to further characterize 
the Nkx2.1Cre/MADM system and identify when labeling took place. Nkx2.1 is a gene that 
is expressed in the MGE, starting E10 (Sussel et al., 1999). To determine if Cre recombinase-
mediated recombination took place in the developing MGE, E12.5 MGE was tested. As the 
progenitors in the MGE are mitotically active cells, the MADM system should generate 
green (GFP), red (RFP-MYC) and double labeled cells. Upon staining of E12.5 MGE for 
GFP and RFP-MYC, labeled cells were detected (Fig.5A) confirming that Cre recombinase-
mediated recombination took place in mitotically active cells. 
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In addition to E12.5 MGE, P25 primary motor cortex was studied to determine if Cre re-
combinase activity was also present in post-mitotic stages. If recombination events occurred 
exclusively during mitotis, the expected ratio of green:red:double labeled cells would be 
1:1:1 (Fig.2A). Due to high protein stability, Cre recombinase protein levels could still be 
high in post-mitotic stages. Furthermore, genomic modification of the Nkx2.1 promoter, as 
performed in the Nkx2.1Cre mouse, could have resulted in abnormal activity compared to 
its endogenous promoter. In both cases, this could result in higher numbers of MGE derived 
double labeled cells compared to single labeled cells within the cortex. The results show that 
at P25, cells that labeled for both GFP and RFP-MYC are present in the motor cortex (Fig. 
5B). The majority of MADM labeled cells in both layer 2/3 as well as the deeper layers of 
the primary motor cortex are double labeled, as determined for 10 animals (Fig 5C/D). Very 
few cells were labeled with either red or green, indicating that the majority of MADM labeled 
cells recombined post-mitotically. Observation of single labeled cells also confirmed  the 
specificity of the used antibodies. These results complicate determination of how many cells 
were labeled within the MGE. Since a difference between animals was observed in figure 4D, 
despite of the dilution caused by the post-mitotically labeled cells, it is conceivable that the 
differences between animals are actually bigger than shown if the analyzed cells had been la-
beled within the MGE only. The results are indicative of different progenitors for chandelier 
and basket cells in the MGE (model B), yet not decisive. 

Discussion
The aim of this study was to determine whether chandelier and basket cells share a common 
progenitor in the MGE. Due to its high technical feasibility, the MADM cell labeling tech-
nology was selected for clonal analysis. In order to label progenitors of the chandelier and 
basket cells, a promoter whose activity is specific to the region where they are derived from, 
needed to be selected and used to drive MADM labeling. Using transplantation studies, we 
confirmed that chandelier and basket cells originate from the MGE. This was in line with 
previous reports (Wichterle et al, 2001). In the MGE, transcription factor Nkx2.1 is expressed 
during the time that chandelier and basket cell progenitors are generated. Therefore, this pro-
moter was selected to drive MADM resulting in labeling of MGE derived cells exclusively. 
Using the Nkx2.1Cre/MADM mouse, it was shown in our study that chandelier and basket 
cells were efficiently labeled and easily recognized (see Fig.4A-C). This characteristic was 
also used in a study on electrophysiological properties of chandelier cells (Woodruff, 2009). 
To define whether chandelier and basket cells share a common progenitor using the MADM 
srategy,  tight regulation of Cre recombinase expression in the MGE is essential. A study 
performed in parallel in our laboratory, however, revealed potential issues with the activity 
of Cre recombinase in the Nkx2.1Cre mouse, as Cre recombinase protein was also observed 
outside the Nkx2.1 domain (Xu et al, 2008). Activity of Cre recombinase protein outside the 
MGE, where mitotic divisions no longer take place, will result in labeling of cells outside the 
MGE. In that case, MADM recombination events would no longer result in single labeled 
cells but double- or unlabeled cells only. Analysis of P25 primary motor cortex revealed that 
the majority of the labeled cells was double labeled, indicating that most cells were labeled by 
the MADM technology post-mitotically. This suggests that cells are not exclusively labeled 
in MGE, but also en route to the cortex or in the cortex itself. Although results are indicative 
of different progenitors for chandelier and basket cells within the MGE, as a consequence of 
this extended labeling, they are not yet decisive. Previous studies also noted extended Cre 
recombinase expression outside the Nkx2.1 domain in a PAC derived Nkx2.1Cre
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transgenic mouse (Kessaris et al 2006, Fig.S1), suggesting a similar issue as observed in our 
study. These conclusions are strengthened and complemented by data published by Xu et al. 
(2008; see Fig.2K-O), where a spatial shift in staining pattern was shown between endog-
enous Nkx2.1 and Cre recombinase within the MGE. The spatial shift in expression in the 
Nkx2.1Cre mouse may be due to the use of a modified Nkx2.1 gene on the BAC that was 
integrated into its ROSA locus. It is conceivable that the Nkx2.1 promoter is still active out-
side the MGE and that for final downregulation of expression the action of microRNAs is re-
quired. Via microRNAs, 5' or 3' untranslated regions (UTRs) are often involved in control of 
mRNA stability. In our mouse model, Cre is inserted into the second exon of Nkx2.1 (BAC),  
replacing 15bp including Nkx2.1 start codon, and is terminated by a stop codon effectively 
removing transcription of the Nkx2.1 3' UTR. In addition, the Nkx2.1 promoter, which is 
integrated in the Nkx2.1Cre mouse using BAC, might not correctly mimic the endogenous 
Nkx2.1 promoter. To this end several modifications can be considered, such as a different 
integration method (eg. homologous recombination) into the endogenous Nkx2.1 locus to 
preserve positions of regulatory elements. Alternatively, a different promoter that is also spe-
cific to the MGE can be selected and tested for its ability to drive Cre recombinase expression 
within the MGE. In conclusion, Cre recombinase expression that is restricted to the MGE is 
a prerequisite when using MADM in our studies. Expression of Cre recombinase outside the 
Nkx2.1 domain will result in the labeling of MGE derived cells that have gone through their 
final cell cycle. Therefore, MADM cell labeling is no longer considered an optimal technol-
ogy to address the aim of our study, when used in combination with the Nkx2.1Cre mouse. 
Another issue that arose when using the Nkx2.1Cre/MADM mouse was the difficulty detect-
ing RFP fluorescence in early developmental stages (E12.5).  However, in later stages (P25, 
P30), RFP was detected, but still very weak. It is reported that Dsred2, the RFP gene used in 
MADM, has a lower brightness compared to TurboRFP and TagRFP (Merzlyak et al., 2007). 
In addition, its maturation half time is 6.5H, whereas EGFP has a maturation half time of 25 
minutes (Cormack et al, 1996). The endogenous Nkx2.1 promoter is active as of ~E10, being 
~2.5 days before E12.5. However, the modified Nkx2.1 promoter might be activated later, as 
discussed above, which could explain how RFP expression is still lower around timepoints 
close to onset of the BAC derived Nkx2.1 promoter activity.
Alternatively to the MADM approach, other approaches could be explored such as in utero 
viral labeling. However, in utero viral injection is technically challenging and requires use of 
correct virus titers; these are serious disadvantages of this method. In addition, this approach 
requires a promoter that only labels cells within the MGE. As the available space on the virus 
genome is limited for such promoter, it is expected that the activity of this promoter will not 
fully mimic the endogenous promoter activity. 
Taken together, the results of this study are indicative of the model in which chandelier and 
basket cells have separate progenitors within the MGE, however, yet not decisive due to the 
limitations of the MADM model in its current form as discussed above. Therefore, modifica-
tions of this model or alternative approaches have to be considered. 

Progenitor origin of basket and chandelier cells
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Figure 1

 

Figure 1: Model for progenitor origin of chandelier and basket cells
Shown are two different models (A, B) for the origin of chandelier and basket cells. In model 
A, both cell types share a common progenitor in the proliferative zone (PZ) of the MGE. This 
progenitor will divide and give rise to cells that specify into either chandelier or basket cells. 
In model B, both cell types have different progenitors.  
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Figure 2: Schematic of MADM strategy
Shown is a schematic representation of MADM, ‘Mosaic Analysis with Double Markers’. A, 
Cells contain two different alleles for RFP-MYC/GFP fusion genes; 1) one allele contains an 
N-terminal part of GFP coding sequence fused to C-terminal part of RFP-MYC coding se-
quence separated by a single loxP site, 2) the other allele contains an N-terminal part of RFP 
coding sequence fused to C-terminal part of GFP coding sequence separated by a single loxP 
site. Both fusion genes are driven by CMV beta-actin enhancer-promoter. Upon recombina-
tion mediated by Cre-recombinase during G2 phase different combinations of recombined 
(Rec.) RFP-MYC/GFP alleles are formed. X segregation of these alleles will result in cells 
that express either GFP (green) or RFP-MYC (red). Z segregation will result in colorless or 
cells that express both GFP and RFP-MYC (yellow). B, Cre-recombinase mediated recombi-
nations post-mitotically during G1 or G0 phase will result in cells that express both GFP and 
RFP-MYC (yellow). Figure adapted from Luo et al., 2005. 

Figure 2
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Figure 3: Chandeliers originate from the developing medial ganglionic eminence. 
Shown are two examples of sections derived from a P25 mouse cortex that received a trans-
plant of GFP-positive E13.5 MGE cells at P0. GFP-positive transplanted MGE cells are 
shown in green and adopted chandelier fate, see arrows. Parvalbumin (PV) staining is shown 
in red. 

Figure 4 (next page): Quantification of chandelier and basket cells in primary motor cortex 
of P30 Nkx2.1Cre/MADM mice. 
Panel A shows a section of the primary motor cortex, demonstrating a low density of GFP-
expressing cells. Examples of Nkx2.1Cre/MADM labeled GFP-expressing chandelier cells 
and basket cells are shown (in green) in respectively panel B and C. Graph D shows the ratio 
of chandelier and basket cell profiles, as determined for layers 2-4 of the primary motor cor-
tex between the genu of the corpus callosum and the hippocampal commissure of P30 mice. 
Seven animals were analyzed and per animal, 133-235 cell profiles were counted. SD is 0.02, 
one way ANOVA shows sig. Level of 0.00. 

Figure 3
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Figure 4
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Figure 5: In stage P25 Nkx2.1 Cre/MADM mouse, the majority of MADM labeled cells are 
recombined post-mitotically
Panel A shows the absence of RFP and presence of GFP-expressing cells in the MGE of 
E12.5 Nkx2.1Cre/MADM mouse. (4x; left) and (20x; right). 

Figure 5
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Figure 5 continued: Panel B shows RFP-MYC, GFP and double labeled cells in the primary 
motor cortex of P25 Nkx2.1Cre/MADM mouse. Double labeled cells are indicated by white 
arrows. Distribution of RFP-MYC, GFP and double labeled cells within the primary motor 
cortex of P25 Nkx2.1Cre/MADM mice was determined for both layers 2/3 (graph C) and the 
deeper cortical layers (graph D). 

Figure 5 (continued)
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Figure 5 continued: Distribution of RFP-MYC, GFP and double labeled cells within the 
primary motor cortex of P25 Nkx2.1Cre/MADM mice was determined for both layers 2/3 
(graph C) and the deeper cortical layers (graph D). 

Figure 5 (continued)
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Abstract
GABAergic interneurons critically modulate cortical activity through the actions of distinct 
subtypes. Recent studies using interneuron transplants have shown tremendous promise in 
cell-based therapy for seizure disorders, Parkinson’s disease, and in the study of neocortical 
plasticity. Previous reports in mice have found that a spatial bias for the origins of two major 
neurochemically-defined subgroups of cortical interneurons, those that express parvalbumin 
or somatostatin, exists on the dorsal-ventral axis of the media ganglionic eminence (MGE). 
The current study extends these findings by focusing on the mitotic origins of these interneu-
rons, harvested at two time points when mainly either subgranular and supragranular neurons 
are being generated, and evaluated after transplantation into the neonatal mouse neocortex. 
We find that, although the dorsal MGE-somatostatin, ventral MGE-parvalbumin bias was 
confirmed, to a surprising extent both of these subgroups originate from progenitors located 
throughout the MGE. We also provide novel evidence that an important subtype of parval-
bumin-expressing interneuron, the chandelier cell, originates largely within the most ventral 
region of the MGE at around embryonic day 15. These findings have important implications, 
both for the study of interneuron fate determination, and for studies that use interneuron pre-
cursor transplantation to alter cortical activity.  
 
Introduction    
Different classes of neurons in the mammalian CNS are generated by induction of a transcrip-
tional code in neuronal progenitors, which is regulated by activation of cell-cell interaction 
as well as morphogen-dependent signaling cascades (Lee SK and SL Pfaff, 2001; Malicki J, 
2004). Two well-characterized structures within the CNS are the spinal cord (Lee SK and SL 
Pfaff, 2001) and the retina (Malicki J, 2004) where progenitors are restricted to distinct fates 
spatially and temporally, respectively. 
With its neuronal heterogeneity, the mammalian neocortex is one of the most challenging 
regions to study the mechanisms involved in the generation of neuronal diversity. Much of 
this heterogeneity arises from GABAergic interneurons, which comprise diverse populations 
that are subclassified based on morphology, intrinsic physiology, neurochemical markers, 
and axon targets (Ascoli GA et al., 2008; Markram H et al., 2004). Fate-mapping studies 
have demonstrated the presence of spatially and temporally distinct progenitor domains for 
interneuron subclasses within the embryonic ventral (subcortical, pallidal) telencephalon [for 
recent reviews, see (Batista-Brito R and G Fishell, 2009; Gelman DM and O Marin, 2010; 
Welagen J and SA Anderson, 2010, Chapter 1)]. 
Most neocortical interneurons, including all or nearly all of two major, non-overlapping sub-
groups defined by their expression of parvalbumin (PV) or somatostatin (SST), originate in 
the medial ganglionic eminence (MGE) (Wonders CP and SA Anderson, 2006). Transplanta-
tion and genetic fate-mapping studies have demonstrated that there is a bias for the genera-
tion of SST-expressing interneurons (SST+) from the dorsal MGE (dMGE), whereas PV-
expressing interneurons (PV+) tend to be generated from ventral regions (vMGE) (Flames N 
et al., 2007; Fogarty M et al., 2007; Wonders CP et al., 2008, Chapter 2). This bias appears 
to relate to enhanced Shh signaling within the dMGE (Xu Q et al., 2010).  However, only 
one of these studies specifically examined the mitotic origins of these interneuron subgroups, 
finding that SST+ interneurons, labeled at the progenitor stage with the S-phase marker BrdU 
and examined after 10 days of culture, can originate from both d- and vMGE (Wonders CP 
et al., 2008, Chapter 2). 
Better defining the mitotic origins of cortical interneurons is important for two reasons. 
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First, understanding the link between intra-MGE patterning and mitotic origins of interneu-
rons is a critical step to discovering the mechanisms giving rise to interneuron subtype di-
versity. Second, MGE transplants into postnatal cortex have been shown to enhance local 
inhibition (Alvarez-Dolado M et al., 2006), alter cortical plasticity (Southwell DG et al., 
2010), and offer remarkable promise as a cell-based therapy for seizures (Baraban SC et al., 
2009; Waldau B et al., 2010; Zipancic I et al., 2010) as well as Parkinson’s disease (Martinez-
Cerdeno V et al., 2010). Since the PV and SST expressing subgroups have distinct intrinsic 
firing properties and distinct propensities for targeting the perisomatic versus distal dendritic 
regions of pyramidal neurons (Markram H et al., 2004), better understanding of interneuron 
subgroup compositions from temporally and spatially defined MGE sources will critically 
inform future transplantation studies. 
In this paper, pan-GFP expressing mouse dams were injected with BrdU at E13.5 or E15.5 
to label cells in S-phase. Two hours later, the dorsal (d), middle (m), or ventral (v) regions 
of the MGE were transplanted into neonatal neocortex, and the fates of transplanted cells 
were evaluated after 30 days. Although we confirmed the bias for SST+ interneurons to be 
dMGE-derived, and PV+ interneurons to originate within vMGE, a surprising number of 
both subgroups were generated from mitosis in the opposite region. In addition, analysis of 
interneuron morphology by GFP immunolabeling resulted in the novel finding that a func-
tionally and clinically relevant subclass of PV+ interneuron, the chandelier (axo-axonic) cell, 
appears to originate relatively selectively within the vMGE at E15.5. 

Materials and methods

In vivo transplantation
For in vivo labeling of S-phase donor cells, pregnant females were injected intraperitoneally 
with BrdU (100mg/kg) 2 hours prior to their sacrifice by an overdose of sodium pentobarbitol 
and thoracotomy. The day of vaginal plug was considered embryonic day 0.5 (E0.5). GFP+ 
brains of E13.5 and E15.5 embryos were sectioned in the coronal plane, 250μm thick, using 
a vibrating microtome (Thermo Scientific HM650V). Slabs of tissue corresponding to the 
dorsal, middle and ventral MGE regions were dissected using fine forceps (Fig. 1). Although 
some mantle zone was likely to be present in each dissection, an effort was made to limit dis-
sections mainly to the proliferative zones using the increased opacity of this region. To limit 
the rostral-caudal level of the dissections, these were made only where the MGE-LGE sulcus 
is evident and no thalamus is present in the dorsal midline. Samples obtained from both 
hemispheres of two slices from two embryos were combined and considered an individual 
experiment for statistical purposes. Donor cells were dissociated by trituration, centrifuged 
at 500g for 5 min, resuspended in 15-30μl of NB/B27 medium and adjusted to a cell concen-
tration of roughly 40 cells/nl. The cells were, suction-filled into a beveled glass micropipette 
(0.5mm I.D., 1mm O.D.) fitted to an oocyte nanoinjector (Nanoinject II, Drummond) and 
injected into cooling-anaesthetized, neonatal (P0-P2) pups. The use of this injector allowed 
for the minimization of tissue damage by injecting small volumes at a relatively slow rate 
(23nl/s). Each pup received 35 injections of 69nl into each hemisphere placed 1mm lateral 
to the midline, and 1mm rostral to the interaural line, targeting somatosensory cortex The 
micropipette tip was placed 1mm deep to the pial surface, allowing for the injection of cells 
mainly into layers 3, 4 and 5.

Mitotic origins of interneurons in the MGE
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Tissue collection and Immunofluorescence labeling
Pups that received cell injections were sacrificed at P30. The mice were perfused intracardi-
ally with 1X PBS followed by 4% PFA and postfixed in fresh 4% PFA for 4 hours. The brains 
were then removed and sectioned in the coronal plane at 40μm on a vibrating microtome. Pri-
mary antibodies used for immunofluorescence labeling included mouse anti-BrdU (Chemi-
con, 1:400), chicken anti-GFP (Molecular Probes, 1:2000), rabbit anti-PV (Swant, 1:5000), 
and rat anti-SST (Chemicon, 1:400). Fluorescent secondary antibodies were Alexa 488 and 
568 (Molecular Probes, 1:500) and Cy5-conjugated (Jackson Immunoresearch, 1:500). The 
nuclear marker DAPI (300 nM) was applied together with the secondary antibodies. 
Sections were first processed with primary antibodies for SST or PV and GFP followed by 
their corresponding secondary immunolabeling. The slices were then fixed in 4% PFA for 30 
minutes and processed for BrdU immunostaining by incubation in 2N HCl in PBS at 37°C 
for 15 min and then 0.1 M boric acid for 2 min. Then they were rinsed, blocked in 5% fetal 
calf serum, and treated overnight with mouse anti-BrdU (Chemicon; 1:400). The next day, 
the slices were treated with secondary antibodies for BrdU (Alexa 568 goat anti-mouse; Mo-
lecular Probes; 1:500). The signal was detected by epifluorescence microscopy (Nikon) us-
ing a 40x objective and images acquired using a cooled CCD camera (Coolsnap HQ, Roper; 
Metamorph software, Universal Imaging). Epifluorescence microscopy was appropriate for 
this quantification since the low density of labeling renders the perfect superimposition of 
labeled cells a very rare event (see examples in Figure 2; we have previously confirmed that 
confocal microscopy of labeled cells in similar transplants results in equivalent results but at 
a far higher cost, and limits the ability to re-examine the material due to photobleaching). 

Data collection and analysis
Cell profile counts were made in the somatosensory cortex between the genu of the corpus 
callosum and the hippocampal commissure. Statistical comparison between dorsal, middle 
and ventral MGE samples was performed using a one-way ANOVA combined with a Post 
Hoc Tukey's, and Student's t-test, with significance accepted at p< 0.05.

Results
To examine the relationship between mitotic origin within the MGE and interneuron sub-
group fate, pan-GFP expressing males were crossed to wild-type females, and a single BrdU 
pulse (100mg/kg; i.p.) was injected into the dam 2 hrs before euthanization of the dam and 
dissection of the GFP+ embryos. The dorsal, middle and ventral MGE (dMGE, mMGE, 
vMGE) subregions were removed from embryos at embryonic day 13.5 (E13.5) and E15.5, 
dissociated, and transplanted into the cortex of P0-P2 hosts (Fig. 1A-C). Colabeling of BrdU 
and GFP with interneuron subgroup markers PV or SST was then quantified in sections 
through the somatosensory cortex of mice at P30 (Fig. 2). In these transplants there was 
large-scale migration and survival of PV and SST expressing interneurons (Fig. 1F, Fig. 2), 
consistent with previous studies using neonatal, neocortical transplantation of MGE-derived 
cells (Alvarez-Dolado M et al., 2006; Baraban SC et al., 2009; Cobos I et al., 2005; Du T et 
al., 2008; Wonders CP et al., 2008, Chapter 2).
First, we analyzed the percentage of GFP+ cells transplanted from different regions of the 
MGE at E13.5 and E15.5 that co-labeled with BrdU. We found no significant difference be-
tween different regions at both of the ages tested (%BrdU+, GFP+ (±SEM), n=3: E13.5 
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dMGE: 10.5 ± 5.0, mMGE: 12.3 ± 4.9, vMGE: 6.2 ± 2.6 and for E15.5: 10.5 ± 2.0, 10.1 ± 
0.8, 10.5 ± 1.1, p>0.05 Unpaired one way ANOVA, Post Hoc Tukey). Since we also observed 
that essentially all BrdU+ cells co-label with GFP, silencing of GFP reporter in this study is 
unlikely. We will therefore refer to BrdU+, GFP+ neurons as BrdU+. 

SST+ and PV+ interneuron subgroups originate throughout the MGE with an opposing bias 
on the dorsal-ventral axis. 
At E13.5, quantification of SST+/BrdU+ neurons revealed a dMGE-high and vMGE-low 
spatial gradient (Fig. 3; % SST+/ BrdU+ (±SEM), n=3: dMGE: 45.3 ± 2.9, mMGE: 28.0 ± 
3.06, vMGE: 8.7 ± 1.3, (dMGE vs mMGE: p < 0.05, dMGE vs vMGE: p < 0.001, mMGE vs 
vMGE: p < 0.05, Unpaired one way ANOVA, Post Hoc Tukey)). Counts of PV+/BrdU+ neu-
rons revealed an opposite gradient, although dMGE transplants still contained a substantial 
percentage of PV+ interneurons (Figs. 2 and 3; % PV+/ BrdU+ (±SEM), n=3: dMGE: 29.1 ± 
3.5, mMGE: 29.4 ± 10.3, vMGE: 51.5 ± 3.6, (vMGE vs dMGE: one way ANOVA with post 
hoc Tukey's p< 0.06, NS, but by t-test vMGE versus dMGE p < 0.01). 
Comparison of the percentage of cells labeled with BrdU versus all GFP+ cells, revealed 
similar results for both SST and PV at E13.5 (Fig. 3). The transplanted GFP population is 
mixed, with a component of S-phase cells (about 10%--see above), cycling cells that were 
not in S-phase during the BrdU pulse (probably no more than triple the % of BrdU+ cells), as 
well as postmitotic cells that could either have been from the same or from a different mitotic 
origin. Thus, the similar results in counts of colabeling with BrdU or GFP suggest that the 
transplanted regions do not contain a large component of cells that originated from outside of 
the dissected region at this age. 
In marked contrast to the results from E13.5 transplants, in E15.5 transplants a low percent-
age of BrdU+ cells expressed SST regardless of the MGE region used. In addition, there 
was no bias for dMGE to generate more of these cells than middle or ventral MGE (Fig. 
3; (% SST+/ BrdU+ ±SEM, n=3: dMGE: 4.8 ± 1.4, mMGE: 12.8 ± 1.9, vMGE: 7.3 ± 0.7; 
Unpaired one way ANOVA, NS). Surprisingly, at E15.5 the dMGE high, vMGE low gradient 
of SST-expression by GFP+ cells remained (Fig. 3; E15.5, dMGE: 38.0 ± 3.1, mMGE: 23.3 
± 4.7, vMGE: 10.7 ± 3.7, (dMGE vs. vMGE, p < 0.05 Unpaired one-way ANOVA, Post Hoc 
Tukey)).
The finding that almost 40% of transplanted dMGE cells (GFP+) express SST, but only 5% 
of dMGE cells that are BrdU+ express SST, indicates that most cells in the dMGE that go 
on to express SST are already post-mitotic at E15.5. (E15.5 dMGE SST+ GFP+ vs BrdU+: 
p < 0.0006 n=3. t-test). Since transplants from mMGE and vMGE also give rise to low per-
centages of SST+ cells, this result also suggests that many of the SST- committed precursors 
remain in the dMGE after cell cycle exit before migrating to the cortex. 
Similar to the results with SST colabeling with BrdU, the vMGE bias for origin of PV in-
terneurons was less pronounced at E15.5 than at E13.5. (% PV+/ BrdU+ (±SEM), n=3: 
dMGE: 46.7 ± 1.4, mMGE: 30.0 ± 5.3, vMGE: 63.3 ± 2.9 (dMGE vs mMGE: NS, dMGE vs 
vMGE: NS, mMGE vs vMGE: p < 0.01 Unpaired one way ANOVA, Post Hoc Tukey) (Fig. 
3). There was a strong tendency for transplants at E15.5 to give rise to more PV than SST 
interneurons compared to the transplants at E13.5. This result is consistent with the generally 
“inside-out” gradient of neurogenesis for PV and for SST-expressing interneurons in the neo-
cortex (Cavanagh ME and JG Parnavelas, 1988; Rymar VV and AF Sadikot, 2007; Wonders 
CP et al., 2008, Chapter 2), combined with the far greater relative density of PV versus SST 
interneurons in superficial versus deep neocortical layers (Xu X et al., 2010).

Mitotic origins of interneurons in the MGE
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E15.5 vMGE transplants are highly enriched for chandelier interneurons 
The results presented above strongly support a model whereby PV and SST interneurons are 
generated, at least for the most part, by distinct progenitors that are differentially biased to 
be located in the ventral or dorsal portions of the MGE, respectively (Fig. 5). At the same 
time, overlap exists in the PV or SST-producing domains. This raises the question of whether 
subtypes of interneurons (defined by combinations of neurochemical, electrophysiological, 
and morphological/axon targeting characteristics) within these neurochemically-defined sub-
classes may have subdomains of generation within the MGE.
To address this question we focused on “fast-spiking”, PV-expressing interneurons that con-
tain two main subclasses, basket and chandelier cells (Ascoli GA et al., 2008). PV+ basket 
cells tend to have curved axonal terminals that mainly target pyramidal neuron somata and 
proximal dendrites. In contrast, the far more rare PV+ chandelier interneurons  (also known 
as axo-axonic cells) have vertically oriented terminals (cartridges) that target the axon ini-
tial segment of pyramidal neurons (DeFelipe J et al., 1985; Somogyi P, 1977; Somogyi P et 
al., 1982). Genetic fate-mapping studies have previously identified the MGE as the likely 
source of chandelier interneurons (Fazzari P et al., 2010; Xu Q et al., 2008). However, a 
more precise spatial or temporal source of these interneurons, dysfunction of which has been 
implicated in some forms of epilepsy and schizophrenia (DeFelipe J, 1999; Volk DW and DA 
Lewis, 2002), has not been established. 
Transplants of dorsal, middle or ventral MGE at E13.5 or E15.5 were evaluated for the pres-
ence of chandelier interneurons, the axon terminals of which were easily identifiable by im-
munofluorescence labeling (Fig. 4A; see methods). At E13.5, only about 3% of GFP+ cells 
from the dMGE or mMGE transplants developed into chandelier interneurons (Fig. 4B). 
This value jumped to 10% in the vMGE. By comparison to the GFP+/PV+ colabeling data in 
Fig. 3C, the results suggest that chandelier interneurons comprise less than 10% of the PV+ 
interneurons in the 13.5 transplants. At E15.5, similar results to the earlier transplants were 
found for dMGE and mMGE sources. In contrast, vMGE transplants at E15.5 resulted in over 
25% of GFP+ cells becoming chandelier interneurons (Fig. 4B). As similar numbers (about 
70%; Fig. 3) of vMGE GFP+ cells differentiate into PV-expressing interneurons at E13.5 as 
at E15.5, the ratio of chandelier interneurons within the PV population nearly triples for this 
source relative to the other 5 sources tested. In sum, these results indicate that the vMGE at 
E15.5 is a major source of the chandelier subtype of PV-expressing interneuron (Fig. 5).  

Discussion 
Previous studies found that a spatial bias for the origins of the two major neurochemically-
defined subgroups of cortical interneurons, those that express PV or SST, exists on the dorsal-
ventral axis of the MGE (Flames N et al., 2007; Fogarty M et al., 2007; Wonders CP et al., 
2008, Chapter 2). Since particularly at later stages of neurogenesis there is considerable, 
mainly dorsally-directed migration within the proliferative zone of the MGE (Anderson SA 
et al., 2001), the current study extends these findings by focusing on the mitotic origins of 
these interneuron subgroups. We find that, although the dMGE-SST, vMGE-PV bias was 
confirmed; to a surprising extent both PV and SST interneurons derive from progenitors 
throughout the MGE. We also provide novel evidence that a relatively rare but clinically rel-
evant subtype of PV-expressing interneuron, the chandelier cell, originates mainly within 

C
ha

pt
er

 4



55

the most ventral region of the MGE. These findings have important implications for the 
study of interneuron fate and for studies that use interneuron transplantation to alter cortical 
activity. 
Like the spinal cord, the telencephalon is composed of molecularly distinct domains that give 
rise to distinct types of neurons. After E12.5 the MGE itself can be parsed into 5 molecular 
domains (Flames N et al., 2007), the most dorsal of which strongly expresses Nkx6.2, a tran-
scription factor associated mainly with progenitors of  SST-expressing interneurons (Fogarty 
M et al., 2007; Sousa VH et al., 2009). However, our results demonstrate that at E13.5, the 
mitotic origins of SST-expressing interneurons extend through the mid-region of the MGE 
(Fig. 3), well ventral to the detectable Nkx6.2 expression domain at this age. At the same 
time, while 40% of surviving BrdU+ cells of the E13.5 dMGE gave rise to SST-expressing 
interneurons, some 30% of BrdU+ cells in these transplants expressed PV.  These results 
indicate that a substantial degree of mixing occurs in the mitotic origins of these neurochem-
ically-defined subgroups. 
Of note, in recent studies of a transgenic mouse line in which the Cre recombinase was 
inserted into the Shh locus, it was reported that the vMGE gives rise to few cortical interneu-
rons, instead giving rise mainly to spiny PV+ projection neurons of the globus pallidus as 
well as striatal interneurons (Flandin P et al., 2010). However, we believe that much of the 
discrepancy with the current results is caused by different terminology for describing MGE 
subdomains. In the current paper, transplantations were carefully limited to the rostral-caudal 
level where both the MGE and LGE form large, distinct structures, but where the thalamus is 
not visible at the dorsal midline. In addition, at this more rostral level, the boundary between 
the vMGE and preoptic region is generally visible based on the presence of a small sulcus 
(Fig. 1D and 1E). At this level, Shh mRNA is not expressed in the proliferative zone. It is 
strongly expressed in the MGE mantle but without an apparent dorsal-ventral variation [see 
for example Fig. 2O in (Gulacsi AA and SA Anderson, 2008)].  In (Flandin P et al., 2010), the 
regions showing Cre recombination appear to occur more caudally, and occur prior to E13.5, 
the earlier of  two time points used for MGE cell transplantation in the current study. In addi-
tion, at more caudal levels the distinction between the MGE and underlying preoptic area is 
not obvious. In sum, one might refer to the results of the current paper pertaining to the rostral 
vMGE at peak times of cortical neurogenesis, whereas Flandin et al. focused on relatively 
early-born neurons from the caudal vMGE, or possibly the most dorsal domain of the preop-
tic region. However, since we cannot differentiate between an aspiny PV+ interneuron of the 
striatum or cortex (to our knowledge, a neurochemical or electrophysiological distinction in 
these interneurons has not been demonstrated), it is quite possible that our vMGE transplants 
contain some interneurons from mitoses that would have generated striatal rather than corti-
cal interneurons. On the other hand, the selectively axon-targeting chandelier interneurons, 
that are quite plentiful in the vMGE transplants (almost 25%; Fig. 4) do not appear to exist 
in striatum. 
The presence of mixed mitotic origins for PV or SST expressing subgroups within the MGE 
raises intriguing questions regarding interneuron fate determination. It was recently demon-
strated that the dMGE domain, and SST fates that many of these progenitors attain, is speci-
fied by higher levels of Shh signaling (Xu Q et al., 2010).  Lower levels of Shh are required 
to maintain Nkx2.1 expression and PV-expressing interneuron fate. The presence of mitotic 
origins of both PV and SST-expressing interneurons within the dMGE suggests that mecha-
nisms for the differential fate determination of these subgroups may be more complicated 
than the gradient of Shh signaling that specifies relatively pure domains of 
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neuronal fates in the ventral spinal cord (Jessell TM, 2000). Notch signaling, perhaps in-
fluencing the degree to which individual progenitors read-out the Shh concentration, is one 
possibility for generating this diversity. Another possibility is that some radial progenitors 
of cortical interneurons are multi-potential, generating mainly SST interneurons with api-
cal neurogenic divisions, and PV interneurons from basal, intermediate progenitor divisions 
(Glickstein SB et al., 2007). 
Based on genetic, temporally-restricted fate mapping combined with electrophysiological 
and neurochemical characterization, it has been suggested that MGE progenitors progress 
from generating mainly SST to mainly PV interneurons (Miyoshi G et al., 2007). This genetic 
labeling of relatively more SST-expressing interneurons, and SST-correlated electrophysi-
ological subclasses, earlier during the neurogenic period, and more PV+ "fast-spiking" in-
terneurons later, is consistent with the "inside-out" relationship of these subgroups' birthdate 
to laminar location (Cavanagh ME and JG Parnavelas, 1988; Wonders CP et al., 2008, Chap-
ter 2), and with the far higher ratio of PV to SST interneurons present in superficial cortex of 
mice (Xu X et al., 2010). The results of the current study also show that PV+ interneurons 
make up a much higher percentage of the transplanted cells at E15.5 than E13.5, particularly 
from the dMGE (Fig. 3). However, a temporal progression of MGE interneuron production in 
favor of more PV+ interneurons does not address whether the subgroups can originate from 
the same progenitor lineage at different times. To our knowledge clonal analysis demonstrat-
ing that single radial glia can give rise to both PV and to SST-expressing interneurons has 
not been published.
Within the neurochemically-defined subgroups, subtypes of interneurons are defined by com-
binations of neurochemical, axon targeting, and electrophysiological characteristics (Butt SJ 
et al., 2007; Wonders CP and SA Anderson, 2006). It is possible that despite the apparent 
mixing of PV and SST expressing subgroups, distinct types of interneurons within these 
groups are indeed generated from highly spatially and temporally defined domains. The SST-
expressing subgroup can be parsed into smaller classes that colabel with reelin, calretinin, 
and NPY, such that it would be interesting to determine whether these subclasses have dif-
ferential mitotic origins in the MGE (Gonchar Y et al., 2007; Miyoshi G et al., 2010). Unfor-
tunately, the relatively small number of S-phase cells that can be labeled within a temporal 
window that precludes the opportunity for them to migrate extensively before transplantation 
limits the utility of this method for studying the mitotic origins of minor subclasses within 
the SST or PV-expressing subgroups. 
To evaluate whether an interneuron subtype may have a more discrete origin within the MGE, 
we took advantage of the large presence of PV-expressing interneurons in the transplants, 
combined with existence of a PV-expressing morphologically-defined interneuron subtype 
and the ability to visualize the morphology of transplanted cells by immunofluorescence 
labeling for GFP. Relative to other MGE regions and the E13.5 transplant, the chandelier in-
terneurons were greatly enriched within the most ventral MGE region at E15.5. The temporal 
association with the later-aged transplants is consistent with the increased density of chan-
delier neurons, found by genetic labeling of Nkx2.1-lineage progenitors, in layer 2 of mouse 
neocortex (Woodruff A et al., 2009). However, since cortical interneurons derived from the 
more ventrally located preoptic area primarily include NPY-expressing interneurons and not 
neurons with chandelier morphology (Gelman DM et al., 2009), this result suggests that 
progenitors for chandelier interneurons are enriched within the ventral-most MGE late in the 
period of cortical neurogenesis. This result should lead to additional gene discovery studies 
to determine factors associated with chandelier cell fate determination
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relative to that of other PV-expressing interneurons. As abnormalities of chandelier interneu-
rons have been associated with epilepsy and schizophrenia (Arellano JI et al., 2004; Freund 
TF and G Buzsaki, 1988; Lewis DA et al., 2005; Marco P et al., 1996; Ribak CE, 1985), such 
studies could have important clinical implications. 
In addition to the relevance of this work for guiding future studies of interneuron fate deter-
mination, MGE transplantation into hippocampus and neocortex has become an important 
tool for modifying cortical activity in vivo. To date, MGE transplants into postnatal cortex 
have been shown to enhance local inhibition (Alvarez-Dolado M et al., 2006), alter corti-
cal plasticity (Southwell DG et al., 2010), and reduce seizures in early postnatal neocortex 
and in adult hippocampus (Baraban SC et al., 2009; Waldau B et al., 2010; Zipancic I et al., 
2010). Moreover, MGE transplants into adult striatum can reduce abnormal turning behavior 
in a model of Parkinson’s disease (Martinez-Cerdeno V et al., 2010). Since the PV and SST 
expressing subgroups have distinct intrinsic firing properties and distinct propensities for tar-
geting the perisomatic versus distal dendritic regions of pyramidal neurons (Ascoli GA et al.; 
Markram H et al., 2004), better understanding of interneuron subgroup compositions from 
transplants of temporally and spatially defined MGE sources informs future transplantation 
studies (Fig. 5). For example, for a study seeking to enrich for SST+ and minimize PV+ corti-
cal interneurons in the MGE transplant, a good source would be dMGE at E13.5. Similarly, 
if the enrichment of PV+ interneurons at the expense of SST+ cells is the goal, E15.5 vMGE 
transplants would serve best. However, many of these cells would be chandelier interneu-
rons. While the network effects of chandelier interneurons remain controversial, they can 
have a depolarizing effect on target pyramidal neurons (Szabadics J et al., 2006; Woodruff A 
et al., 2009). Alternatively, E13.5 vMGE transplants would relatively reduce this interneuron 
subtype while still greatly enriching for PV+ interneurons over those that express SST. 
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Figure 1

Figure 1. Experimental design. 
(A) 2 hours before euthanization, BrdU (100mg/kg; i.p.) was injected into the dam carrying 
pan-GFP expressing pups at E13.5 or E15.5. (B, C) Brains were sectioned on a vibrating mi-
crotome, and the dorsal (d), middle (m), or ventral (v) subregions of the MGE were dissoci-
ated and transplanted into the cortex of neonatal hosts (C). (D, E) Examples of coronal slices 
from which d- and vMGE were dissected at E13.5 (D) and E15.5 (E). (F) Immunofluores-
cence labeling of GFP-expressing cells at postnatal day 30 neocortex. Scale bars: 200µm.
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Figure 2. BrdU and GFP colabeling with parvalbumin (PV) or somatostatin (SST) in MGE 
transplants. 
MGE-derived GFP+ cells transplanted into the neocortex (A1, B1) give rise to SST-express-
ing (A2, A4) and PV-expressing (B2, B4) interneurons. GFP+ cells that originate from pro-
genitors in S-phase (arrowheads) at the time of transplant co-label with BrdU (A1, 3, 4, B1, 
3, 4). BrdU staining is absent in GFP+ cells that were not in S-phase at the time of transplant 
(arrows). Scale bars: 50 µm.

Figure 2
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Figure 3
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Figure 3 (left page). Quantification of regional and temporal differences in transplanted 
MGE cells expressing SST or PV. 
Bars represent percentages of either GFP+ cells (solid pattern) or BrdU+ cells (striped pat-
tern) that co-label for SST (A, B) or PV (C, D) at E13.5 (A, C) and E15.5 (B, D). Lines 
connecting bars indicate significant differences with p<0.05 (generally unpaired one-way 
ANOVA, post hoc Tukey; see Methods and Results for details on statistical analysis). 

Figure 4: E15.5 vMGE transplants are highly enriched for chandelier interneurons. 
(A) Example of a transplanted cell with chandelier interneuron morphology. Note the promi-
nent, vertically oriented “cartridges” of axon terminals. (B) Quantification of transplanted 
cells with chandelier morphology. There was an enrichment of chandelier interneurons in 
the vMGE at both ages. At E15.5, this enrichment significantly increased relative to both 
dMGE and mMGE at E15.5, and relative to the vMGE in the E13.5 transplants. Bars above 
the graphs indicate significant differences using an unpaired one-way ANOVA, p<0.05, post 
hoc Tukey. Scale bar: 100 µm.

Figure 4
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Figure 5. Summary of the spatial and temporal differences in the origins of SST+, PV+ and 
chandelier interneurons. 
Green indicates counts of GFP+ neurons in the transplants, whereas red indicates counts of 
BrdU+ cells. Capital letters indicate, approximately, each 10% of cells in the transplant ex-
pressing somatostatin (S), parvalbumin (P), or having a chandelier interneuron morphology 
(C). The lower-case (c) indicates roughly 5%. Note that in general, the results from counts of 
GFP or BrdU-labeled cells are similar, whereas these counts are highly discordant in the case 
of SST+ cells in the dMGE at E15.5. In addition, there is a remarkable enrichment for chan-
delier interneurons in the vMGE transplants at E15.5. (Ctx: Cortex, LGE: Lateral Ganglionic 
Eminence, MGE: Medial Ganglionic Eminence, d: dorsal, m: middle, v: ventral).

Figure 5
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Abstract
GABAergic interneurons originate from the ventral telencephalon, more specifically from 
the medial ganglionic eminence (MGE). Recent studies have shown that the neurochemi-
cal subgroup fate of interneurons is largely specified within the MGE with a dorsoventral 
bias. Somatostatin expressing interneurons originate mainly from the dorsal MGE, whereas 
Parvalbumin expressing interneurons originate mainly from the ventral MGE. Fate determi-
nation of interneurons is determined by signaling molecules in the MGE, including Shh. To 
explore the role of signals from the dorsal midline on Shh signaling in the MGE, we assessed 
expression of Shh-dependent genes in the MGE of wildtype and Emx2 knockout mouse em-
bryos, that have a reduced dorsal midline. Our findings demonstrate that the size of the MGE 
is decreased in the E14.5 Emx2-/- embryo brains and that the expression of Shh dependent 
gene Nkx6.2  is extended into the medial and ventral MGE. These results suggest that signal-
ing from the dorsal midline plays a role in establishing expression patterns of Shh-dependent 
genes within the MGE. 

Introduction
The cerebral cortex is the largest and most complex component of the mammalian brain and 
functions in memory and higher order cognitive processing. For proper functioning of the 
cerebral cortex, a network consisting of excitatory and inhibitory stimuli is required, gen-
erated by respectively projection neurons and interneurons. The interneurons, which are a 
minority of the cortical neurons, play a vital role in modulating cortical output and plasticity 
(Krimer et al., 2001). They provide negative feedback to excitatory circuits. Any defect in the 
interneuron population may result in an imbalance between excitatory and inhibitory stimuli 
in the cerebral cortex, ultimately resulting in seizures. Defects of interneurons have already 
been implicated in disorders such as epilepsy, hyperactivity, schizophrenia (Lewis et al., 
2000) and autism (Rubenstein et al., 2003). Elucidating how interneurons become specified 
is of much interest to the field as it is expected to provide the basis for understanding seizure 
diseases and for developing stem cell based treatments for these diseases. 
Fate-mapping experiments have demonstrated that the ventral forebrain, in particular the 
caudal (CGE) and medial (MGE) ganglionic eminence, is the primary source of cortical in-
terneurons in rodents (Corbin et al.,  2001; Marin et al., 2001; Wonders et al., 2006).  Based 
on their expression of neurochemical markers, interneurons can be subgrouped into largely 
non-overlapping groups, being parvalbumin (PV), somatostatin (SST) and calretinin (CR) ex-
pressing interneurons (Gonchar et al., 1997). Culture experiments suggest that CR expressing 
interneurons originate from the dorsal region of the CGE, whereas both SST and PV express-
ing interneurons originate mainly from the Nkx2.1 expressing MGE (Xu et al., 2004). These 
observations were confirmed by in vivo experiments using homotopic transplants (Butt et al., 
2005). Recent transplantation studies performed in our laboratory (Welagen et al., 2010, Xu 
et al., 2004; Wonders et al., 2008, Chapter 2) and by others (Butt et al., 2005; Flames et al., 
2007) showed that a dorsoventral bias exists for the generation of PV and SST interneurons; 
the dorsal MGE (dMGE) gives rise to more SST interneurons whereas the middle (mMGE) 
and ventral MGE (vMGE) tend to give rise to PV interneurons. Within these regions, the SST 
and PV expressing interneurons acquire their fate before migration out of the MGE (Wonders 
et al., 2008, Chapter 2).  
Recent in vitro studies in our lab demonstrated that a pulse of sonic hedgehog (Shh) to pri-
mary culture influenced fate specification of MGE-derived interneurons. Shh enhanced the 
generation of SST expressing interneurons while suppressing the generation of PV 
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interneurons (Xu et al., 2010). As such, this effect was comparable to increased generation 
of SST expressing interneurons in the ventricular zone of the dMGE. This suggests that 
Shh plays a role in the dorsoventral bias of SST and PV expressing interneurons in vivo in 
the MGE. Previous data demonstrated that within the MGE, Shh is required for the expres-
sion of Gli1, Nkx6.2 and Nkx2.1 (Yu et al., 2009). Two types of Shh-dependent factors 
have been described for the MGE, being a) factors that are expressed throughout the MGE 
(Nkx2.1, Lhx6)(Anderson et al., 2001; Xu et al., 2004; Xu et al., 2005), and b) factors that 
are restricted to a particular MGE region (Nkx6.2, Gli1). The first type of factors, Nkx2.1 
and Lhx6 (which is a direct target of Nkx2.1), are both required for the specification of PV 
and SST interneurons (Butt et al., 2008; Du et al., 2008; Xu et al., 2004; Liodis et al., 2007). 
Their distribution throughout the MGE, however, suggests that they are not likely to play a 
role in the dorsoventral bias of interneuron specification. Therefore, we focus here on the 
second type of Shh-dependent factors, being those that are expressed in restricted MGE re-
gions. Interestingly, Nkx6.2 and Gli1 expression is restricted to the ventricular zone of the 
dMGE, where also increased generation of SST expressing interneurons takes place. More 
specifically, these proteins are restricted to the dorsal most region within the ventricular zone 
of the dMGE. Analysis of Nkx6.2 expressing dMGE cells in a transgenic mouse experiment 
also demonstrated that fate specification shifted toward SST expressing interneurons (Foga-
rty et al., 2007), suggesting that  Nkx6.2, next to Shh, plays a role in the specification of 
SST expressing interneurons and the dorsoventral bias. In addition, high levels of Hedgehog 
interacting protein-1 (Hhip1) and Shh receptor Patched-1 (Ptch1) have been detected in the 
dMGE (Fig.4J in Xu et al., 2010), both of which have been shown to directly interact with 
Shh. Moreover, they are enriched in regions with high Shh signaling (Chuang et al,. 2003), 
suggesting that high levels of Shh are present in the dMGE. Altogether, these data indicate 
that a combination of Shh, and Shh-dependent and -interacting genes (including Gli1, Nkx6.2, 
Hhip1 and Ptch1) is involved in the dorsoventral bias of fate specification of interneurons 
(Xu et al 2010; Xu et al., 2005; Flames et al., 2007; Wonders et al., 2008, Chapter 2). 
Previous data have demonstrated a discrepancy between the regions where Shh is expressed 
and the regions where Shh-dependent and -interacting genes are transcribed. Shh is expressed 
in the mantle zone of the MGE (Fig.1). However, genes such as Gli1 and Nkx6.2 are not tran-
scribed in the mantle zone, but in the sulcus area of the MGE and lateral ganglionic eminence 
(LGE) instead (Fig.1; region 3, 4; Wonders et al., 2008, Chapter 2). Interestingly, these genes 
are not detected in the vMGE and mMGE (Fig.1; region 1, 2). Our study aimed to better 
understand how Shh-dependent genes Nkx6.2 and Gli1 could be exclusively expressed in the 
dMGE but not in the m- and vMGE. To that end, we were interested in proteins that are either 
exclusively expressed in the dMGE and thereby might promote transcription of Nkx6.2 and 
Gli1 in the dMGE, and in proteins that are detected throughout the MGE with the exception 
of the dMGE and might block transcription of these Shh-dependent factors elsewhere. Gsh2 
has been described as a Shh-dependent protein (Corbin et al., 2000), and as we will show 
here, has an expression pattern similar to the latter type; showing low expression levels where 
Nkx6.2 expression is high. As such, Gsh2 might be involved in the restricted role of Shh in 
the SST expressing interneuron fate specification and blocking transcription of Nkx6.2 and 
Gli1 outside of the dMGE. Reduced levels of Gsh2 were observed in a restricted part of the 
VZ, in which Nkx6.2 levels were high. Interestingly, this is also the region of the MGE that 
is exposed to the dorsal ventricle and the dorsal midline, suggesting that the dorsal midline 
or the choroid plexus might also play a role in patterning within the MGE. Based on the data 
described above, we hypothesize that a component of the dorsal midline facilitates
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susceptibility of dMGE cells to Shh signaling via their cell surface or their primary cilia. Af-
ter all, primary cilia play a role in neurogenesis and also can express Gli1 and Ptch1 (Kiprilov 
et al., 2008). Moreover, knock out of Smoothened (Smo), another factor present in primary 
cilia and involved in Shh signaling, drastically changed size and location of SST and PV 
interneuron progenitor domain in the MGE (Xu et al., 2010). 
Using an Emx2 knockout mouse, that has a reduced dorsal midline, we tested the hypothesis 
that the dorsal midline is involved in regulating gene expression patterns of Shh-dependent 
genes (including Nkx6.2 and Gli1) within the MGE (Yoshida et al., 1997). Under wildtype 
conditions, the homeodomain transcription factor Emx2 is expressed in the cortical ventricu-
lar zone and cortical hem, which is located adjacent to the dorsal midline of the embryonic 
telencephalon. The cortical hem is generally considered to be a source of secreted molecules 
with roles in the specification and proliferation of forebrain cell types (Furuta et al., 1997; 
Grove et al., 1998).  In addition, future approaches to investigate intra-MGE patterning will 
be discussed.

Materials and methods

Mouse maintenance and genotyping 
Mice were maintained and treated in accordance with the guidelines set by the Weill Cornell 
Medical College and the National Institutes of Health. Genotyping of the Emx2 mice was 
carried out by co-amplification of DNA fragments corresponding to the wildtype and mu-
tant Emx2 gene sequences. Genomic DNA was isolated from tissue sampled obtained from 
embryos or mouse tails. The genomic DNA was purified using the DNeasy Blood and tissue 
kit (Qiagen) and subjected to polymerase chain reaction (PCR) amplification. The primer 
sequences used were as follows: Emx2F (5’-CACAAG TCCCGAAGAGTTTCCTTTTG-
CACAACG-3’, (Lopez-Bendito et al., 2002)  Emx2R/WT (5’-ACCTGAGTTTCCGTAA-
GACTGAGACTGTGAGC-3’) and Emx2R/KO 5’-ACTTCCTGACTAGGGGAGGAG 
TAGAAGGTGG-3’) at 95°C 30s, 35 cycles of 95°C 30s, 60°C 30s, 72°C 30s followed by 
72°C 1 min. PCR products were analyzed by gel electrophoresis through a 2% agarose gel. 

Immunohistochemistry
For immunohistochemistry and in situ analysis, brains from E14.5 Emx2-/- and WT litter 
mates were dissected and sectioned on a cryostat at 20 um. Primary antibodies used for im-
munofluorescence labeling were directed against BrdU (mouse, Chemicon, 1:400), GFP (rab-
bit, Molecular Probes, 1:2500) (chicken, Abcam, 1:2000), parvalbumin (mouse, Chemicon, 
1:2500), somatostatin (rat, Chemicon, 1:400), Gsh2 (rabbit, a gift from Kenneth Campbell, 
1:5000), Nkx6.2 (guinea-pig, a gift from Johan Ericson, 1:1000; or rabbit, UKE Hamburg, 
1:3000) and Nkx2.1 (mouse, Labvision, 1:300). Unmasking of epitopes was performed for 
Nkx2.1 staining, as follows: vibratome sections were fixed in 4% paraformaldehyde (PFA) 
for 10 min, rinsed three times with PBS, incubated in 1 mM EDTA pH 8.0 for 10 min at 
65°C, rinsed three times with PBS. Fluorescent secondary antibodies were Alexa line (Mo-
lecular Probes, 1:500). Triple labelling was performed using two Alexa and Cy5-conjugated 
secondary antibodies (Jackson Immunoresearch, 1:500 and (Xu et al. 2004)). The nuclear 
marker DAPI (300 mM) was applied with the secondary antibodies. Signal was  detected by 
epifluorescence microscopy (Nikon E800) and images acquired with a cooled CCD camera 
(coolsnap HQ, Roper, Metamorph software, Universal imaging).
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In situ hybridization 
For in situ analysis, brains from E13 – E14 Emx2-/- and WT litter mates were dissected, fixed 
in 4% PFA and processed for cryosectioning (Xu et al, 2004). The 12 um or 20um cryostat 
sections were obtained for in situ hybridization using digoxygenin-labeled riboprobe using 
the method as described previously (Bulfone et al., 1993).

Results
Regulation of patterning in the MGE
The study described here aimed to unravel molecular mechanisms controlling fate specifica-
tion of interneurons in the MGE progenitor domain. In Chapter 2 it was shown that a dorsal 
to ventral difference in gene expression exists within the MGE, suggesting a molecular basis 
underlying the dorsoventral bias in fate specification of interneurons. Genes involved in Shh 
signaling were among the genes that were differentially expressed. Moreover, Shh signaling 
is elevated specifically in the dMGE, an area that preferably gives rise to SST expressing 
interneurons. Based on this, it was hypothesized that Shh signaling might play a role in fate 
specification of SST expressing interneurons. Also, recent work in our laboratory confirmed 
that exogenous Shh resulted in a decrease in PV and an increase in SST expressing interneu-
rons (Xu et al., 2010). Here, the regulation of Shh signaling in MGE was analyzed. Results 
showed that in E14.5 wildtype mouse brain, expression of Shh-dependent Gsh2 is decreased, 
whereas Shh-dependent Nkx6.2 expression is increased within the same region, being the 
dMGE region where the dorsal midline touches the MGE (Fig.2, Picture courtesy of A. Gu-
lacsi). This suggests that signaling from the dorsal midline/choroid plexus might affect gene 
expression of Shh-dependent genes in the dMGE. 

Reduced size of MGE in Emx2-/-
The dorsal midline of the telencephalon, more specifically the choroid plexus that rests on the 
dMGE, might signal into the dMGE and cause Shh signaling to be altered in that area. This 
hypothesis was investigated using the Emx2 mouse model, which lacks a fully developed 
dorsal midline and choroid plexus. To investigate if there is signaling from the dorsal midline 
of the developing brain into the MGE, E14.5 WT and Emx2-/- brains were first analyzed for 
morphology (Fig.3). Morphologically, the E14.5 Emx2-/- telencephalon showed a reduced 
dorsal midline, choroid plexus and cortex compared to WT telencephalon (Fig.3). The sulcus 
is the dorsal most part of the MGE and the ventral most part of the LGE. Based on the loca-
tion of the sulcus between the MGE and the LGE, the MGE region appeared to be reduced 
in size whereas the LGE appeared to be increased in the Emx2-/- mouse (Fig.3B). To investi-
gate the size of the MGE in the Emx2-/- mutant in more detail, Nkx2.1 was used as a marker 
to label the MGE. Staining was both performed for Nkx2.1 mRNA and protein, using respec-
tively in situ hybridization and immunohistochemistry (Fig.4, Fig.5). Both assays showed a 
significant reduction of the size of the Nkx2.1 expressing MGE in Emx2-/- compared to WT 
mice (Fig.4A/B, Fig.5A/B), suggesting that MGE size is influenced by the presence of a fully 
developed dorsal midline or choroid plexus. 

Role of dorsal midline on expression of Shh-dependent genes in the MGE
Since the dorsal midline/choroid plexus touches the MGE in WT but not in the Emx2-/- mu-
tant, it was investigated if signaling from the dorsal midline plays a role in patterning of the 
MGE. E14.5 Emx2-/- and WT brains were analysed for gene expression of factors involved 
in Shh signaling. More specifically, expression of Shh-dependent genes Nkx6.2 and Gli1
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was analysed (Fig.4C-F, Fig.5C-F). 
Messenger RNA and protein expression of Nkx6.2, a homeobox transcription factor, is re-
stricted to the interganglionic sulcus between the MGE and the LGE throughout prenatal 
stages and is dependent on Shh signaling (Stenman et al., 2003; Xu et al., 2005; Yu et al., 
2009). In situ hybridization signals were low, and as a consequence, caution has to be taken 
with interpretation of these data. In line with previous reports, in situ hybridization for Nkx6.2 
on WT brains confirmed that Nkx6.2 mRNA was present in the sulcus between the MGE and 
LGE (Fig.4C). In the Emx2-/- brain, Nkx6.2 mRNA was observed at a more ventral location, 
most likely as a consequence of the reduced MGE size. It seemed predominantly present in 
the dMGE and mMGE, being an extended region compared to the WT brain (Fig.4D). Immu-
nohistochemistry for Nkx6.2 on WT brains confirmed that Nkx6.2 protein was also present 
in the sulcus between the MGE and LGE (Fig.5C). However, in the Emx2-/- brain, Nkx6.2 
protein was not only detected in the sulcus between the MGE and LGE, but was extended 
from the dMGE along the lining of the MGE to the vMGE (Fig.5D). Also in the ventricular 
zone of the mMGE a number of cells expressing lower levels of Nkx6.2 were observed. 
Gli1 is another Shh-dependent gene, and a transcription factor and effector of Shh signaling. 
Previous data demonstrated that it is expressed in the interganglionic sulcus area (Tole at al., 
2000; Wonders et al., 2008, Chapter 2). Similar to Nkx6.2, in situ hybridization signals were 
also low. In situ hybridization for Gli1 on WT brains confirmed that Gli1 mRNA was present 
in the sulcus between the MGE and LGE (Fig.4E). Similar to Nkx6.2, Gli1 mRNA was ob-
served at a more ventral location in the Emx2-/- brain (Fig.4D). GliI mRNA was not detected 
in the preoptic area in these mutants. 
Altogether, our data demonstrated that the MGE is reduced in size in the Emx2-/- mouse 
brain, which has a reduced dorsal midline development. The pattern of Shh-dependent genes 
Nkx6.2 and Gli1 was affected in the absence of a properly developed dorsal midline, sug-
gesting that the dorsal midline or its components play a role in defining the localisation/bor-
ders of their expression domains. Moreover, the expanded expression domains of these Shh 
responsive genes in the Emx2-/- brain suggests that the dorsal midline likely plays a role in 
limiting Shh signaling to the dMGE. In more detail, one possible explanation of the observa-
tions might be that due to disruption of the dorsal midline a possible repressor (present in the 
dorsal midline) might no longer be able to enter the MGE and, as a consequence, have caused 
an extension of the Nkx6.2 domain in the Emx2-/- mouse. A second explanation might be that 
an activating factor, present in the dorsal ventricle, is no longer blocked by the dorsal midline 
and in the mutant acts throughout the MGE. Lastly, there might be a factor from the dorsal 
midline that increases Shh protein along the VZ surface of the dMGE, such that the loss of 
such signal could result in an increase of Shh being available in the ventral MGE regions, 
thereby resulting in increased Gli1 and Nkx6.2. Any direct effect of loss of Emx2 on the pat-
terns observed can not be ruled out. In summary, our data suggest that the dorsal midline is 
required for proper patterning of Shh-dependent Nkx6.2 and Gli1. 

Distribution of Zic1 expressing cells is changed in Emx2-/-mouse brain
Apart from the dMGE where the dorsal midline touches the MGE, we also observed astriking 
difference in the Emx2-/- mutant near the ventral most telencephalon. Gli1 mRNA was no 
longer detected in the preoptic areas in Emx2-/-, whereas it was still observed in the dMGE. 
This observation suggested that the dorsal midline might also influence this region.  to be 
expressed in the ventral telencephalon. The results showed that the Zic1 expressing cells in 
WT mouse brain are detected in the ventral telencephalon (especially preoptic area) and
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striatum. In the Emx2-/- mouse brain, however, Zic1 expressing cells are confined to a small-
er area and are predominantly restricted to the preoptic area (Fig.6). This suggests that (a 
component of) the dorsal midline is also required for proper distribution of Zic1 expressing 
cells in the ventral most telencephalon. Moreover, it might imply that Zic1 expressing cells 
demonstrate reduced migration from the preoptic area into the striatum, resulting in accumu-
lation of Zic1 positive cells in the preoptic area of Emx2-/- mouse (Inoue et al., 2007). 

Discussion
Shh signaling is required for the patterning of Gli1, Nkx6.2 and Nkx2.1 in the VZ and sub-
ventricular zone (SVZ) of the MGE (Fig.1). However, expression of Shh is limited to the 
mantle zone of the MGE. To date it is still unclear how Shh signaling and the patterning of 
Shh-dependent genes is regulated within the MGE. In order to gain insight on regulation 
of Shh signaling in the MGE, we investigated if signaling from the dorsal midline, which 
touches the MGE, affects patterning of Shh-dependent genes in the MGE. More specifically, 
we aimed to understand how Shh-dependent genes Nkx6.2 and Gli1 can be exclusively ex-
pressed in the dMGE but not in the m- and vMGE. To address this aim the EMX2-/- mouse, 
which has decreased development of the dorsal midline, was used. In summary, we showed 
that in the Emx2 mutant, both the size of particular telencephalic regions (including MGE) 
as well as patterning of Shh-dependent genes was affected. Both issues will be discussed in 
more detail below. 

Previous studies have shown a dorsal to ventral bias for the generation of SST and PV ex-
pressing interneurons within the MGE (Wonders et al., 2008, Chapter 2; Welagen et al., 2010, 
Chapter 4). Strong heterogeneity of gene expression between the ventral and the dorsal part 
of the MGE was shown (Wonders et al., 2008, Chapter 2), suggesting that heterogeneity in 
gene expression within the MGE might be at the basis of the bias in origin of interneurons ob-
served. Within the telencephalon, heterogeneity in gene expression has also been described 
for Shh, BMPs and Wnt's, which are located in areas bordering the MGE. Shh is expressed 
in the ventral signaling center, where it induces ventral telencephalic structures (Ericson et 
al., 1995; Shimamura et al., 1997; Fuccillo et al., 2004; Fuccillo et al., 2006). In addition, 
Shh is also expressed in the mantle zone of the MGE and is required for the maintenance 
of Nkx2.1 levels in MGE progenitors, and therefore important for the generation of PV+ or 
SST+ interneurons (Xu et al., 2005; Xu et al., 2010). On the other hand, Wnt proteins and 
BMPs are expressed in the dorsal midline, of which the latter have been described to be 
required for its formation (Furuta et al., 1997; Panchision et al., 2001; Hebert et al.,  2002; 
Lee et al., 2000). It is hypothesized that Shh, BMPs and Wnt's are interacting in the medial 
area of the telencephalon (Ulloa et al., 2007), where the MGE is located, and also play a 
role in interneuron fate specification. In the Emx2-/- mouse, the size of the MGE was de-
creased whereas the LGE was increased in size compared to WT. Since morphology of the 
telencephalon was very different in the mutant, we defined the sulcus of the MGE/LGE as 
the dorsal border of the Nkx2.1 expressing domain. The mechanism behind the observed size 
reduction is unclear but might be related to increased apoptosis, increased migration of cells 
or decreased proliferation. 
Maintenance of progenitor proliferation has been shown to require beta-catenin mediated 
Wnt signaling in the subcortical telencephalon (Gulacsi et al., 2008). A cross regulation of 
Wnt signaling, BMP and FGF, integrated by Emx2, occurs in the early telencephalon under 
normal conditions (Shimogori et al, 2004). 
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However, in mice lacking Emx2 it was shown that Wnt expression is reduced and FGF8 sig-
naling was increased in the dorsal midline (Shimogori et al., 2004). Therefore, the reduction 
in Wnt expression in the dorsal midline might have caused a reduction of Wnt in the MGE, 
and as a consequence a reduction of MGE size in the Emx2 mouse, as observed in this study. 
Therefore, the dorsal midline might play a role in maintaining Wnt signaling and progenitor 
proliferation in the MGE. Since several other signaling pathways (BMP, FGF) in the dorsal 
midline are affected, it is possible that these changes directly or indirectly (via downstream 
targets elsewhere) also have affected patterning within the MGE.
In addition, proliferation of progenitors and/or apoptosis is dependent on blood vessel for-
mation. Angiogenesis in the MGE is under significant intrinsic regulation of Shh-dependent 
genes (Nkx2.1, Pax6; Vasudevan et al., 2008). Shh itself plays a role in angiogenesis (Cohen 
et al., 2003). Here, we observed differences in the patterning of Shh-dependent genes in com-
bination with a reduction in MGE size. Impaired angiogenesis is therefore another possible 
explanation for the MGE size reduction observed.  

Apart from a reduction in MGE size, we also demonstrated here that in the Emx2-/- mouse, 
patterning of Shh-dependent genes in the MGE is affected. Changes in patterning of Shh-de-
pendent genes Nkx6.2 and Gli1 were observed in the MGE. Overall, the expression domain 
of Nkx6.2 was expanded ventrally and the Gli1 domain appeared to be extended ventrally. 
The domain of Nkx6.2, which is dependent on Shh (Xu et al, 2005), was expanded towards 
the m- and vMGE, suggesting that Shh signaling is increased in the m- and vMGE. This 
hypothesis was strengthened by another study in which a similar expansion of the Nkx6.2 
domain was observed. There, Smoothened (Smo)was conditionally knocked out in the MGE 
in a mosaic way (Xu et al., 2010; Six3Cre:Smo fl/fl mutant). Cells, that were Cre positive and 
did no longer express Smo, were not able to transduce Shh signaling. However, the inactiva-
tion of Shh signaling in these cells resulted in cell-nonautonomous upregulation of Shh sig-
naling in  neighboring cells, that were not Cre positive. Apart from the Shh signaling, these 
cells also showed dramatic upregulation of Shh-dependent Nkx6.2 and were detected more 
ventrally (v- and mMGE) compared to wildtype conditions, similar to what we observed in 
our study using the Emx2-/- mouse. Moreover, it resulted in conversion of m- and vMGE 
progenitors to dorsal MGE-like, SST fate, suggesting that interneuron fate is plastic during 
neurogenesis. Althogether, our data and the data described in Xu et al, 2010 suggest that in-
terneuron diversity and expression domains of Shh dependent genes seem to be significantly 
influenced by different levels of Shh signaling in the MGE. Moreover, it implies that the 
dorsal midline contributes to suppression of Shh signaling in the m- and vMGE, restricting 
it to the dMGE only. 
The mechanisms behind how the dorsal midline influences Shh signaling in the MGE could 
include prepatterning, sequestering of Shh into the extracellular matrix or control of Shh ex-
pression. Shh spreads over a long range allowing it to act directly (Briscoe et al, 2001). How-
ever, Shh signaling also induces other proteins such as hedgehog interacting protein (HhIP; 
Chuang and McMahon, 1999) and vitronectin (Pons and Marti, 2000), which can themselves 
bind to Shh and could potentially participate in restricting the movement of Shh. In addition, 
Shh receptor Patched1 (Ptch1) has been shown to limit the range of Shh action; high levels 
of Ptch1 induced by Shh serve to sequester free Shh and create a barrier for its further move-
ment (Chen and Struhl, 1996). However, high levels of Ptch1 are unlikely to be at the basis of 
Shh signaling differences between the dMGE on the one hand and the m- and vMGE on the 
other hand. Ptch1 mRNA was detected in the dorsal most and ventral most MGE, but not in
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the mMGE where it would otherwise would be expected to be high (Xu et al., 2010). Finally, 
Shh sequestering activity might take place via an extracellular matrix molecule that is pres-
ent in the dorsal midline area. This factor might act as a Shh sponge that delivers Shh to 
primary cilia of radial glia on the VZ surface of the dMGE. Involvement of primary cilia in 
Shh signaling was shown by knocking out a gene named Stumpy (Breunig et al 2008). As a 
result of a not fully developed dorsal midline in the Emx2 -/- mouse, the sequestering of Shh 
might not occur resulting in spreading of Shh signaling to other parts of the MGE. This can 
result in an expansion of Nkx6.2 ventrally and weakening of expression dorsally. To test if 
Shh sequesters in the dMGE, a Shh-GFP fusion protein can be injected into the ventricle after 
which the GFP signal can be traced. Colocalisation with primary cilia can be determined us-
ing acetylated tubulin (Piperno et al., 1985). The role of primary cilia on MGE development 
and patterning could be studied using a MGE specific Cre:Stumpy Fl/Fl mouse. 

In addition to the MGE patterning, we observed that in the more ventral area of the telenceph-
alon, the Gli1 domain could not be detected and the distribution of Zic1 expressing cells was 
restricted medially, close to the preoptic area. This suggests that (a component of) the dorsal 
midline is also required for proper distribution of Zic1 expressing cells in the ventral most 
telencephalon.

Future studies could focus on the regulation of Shh signaling in the Emx2-/- brains. Three 
possibilities are that reduced signaling from the dorsal midline affects 1) prepatterning in 
the MGE and as a consequence, alters the response of progenitors to Shh signaling; 2) the 
expression of Shh or its effectors; or 3) expression of genes involved in lipid modification of 
Shh. If components from the dorsal midline that control expression domains of Shh-depen-
dent genes in the MGE can be identified, this would open doors towards understanding how 
intraMGE patterning is established. Other approaches to study the role of the dorsal midline 
on Shh signaling within the MGE include in vitro cultures of telencephalic slices, derived 
from embryonic brains within the timeframe of neurogenenesis, of which the dorsal midline 
is removed. To answer the question if the regulation of Shh signaling by the dorsal midline 
is regulated via prepatterning of the MGE, telencephalic slices of different ages before neu-
rogenesis must be used. 
Our study suggests that the dorsal midline plays a role in regulating the expression domains 
of Shh-dependent genes in the MGE. Future experiments should focus on identification of the 
key players from the dorsal midline that are involved in this developmental process.  
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Figure 1

Figure 1. Schematic of Shh signaling in the ventral telencephalon. 
Shown on the left is a schematic overview of the telencephalon with the LGE (grey) and 
MGE (dark grey). The region where Shh has been detected is depicted in red, being the 
mantle of the MGE. The VZ of the MGE and LGE are subdivided in smaller regions (num-
bered 1-4) based on the expression of Shh-dependent genes. Within the MGE, region 1, 2 
and 3 show respectively the vMGE, mMGE and dMGE. Within the LGE, region 4 shows the 
vLGE, which together with region 3 is part of the sulcus area. Per region, the Shh-dependent 
genes are shown on the right. Nkx2.1 is expressed throughout the MGE. Shh-dependent 
genes Nkx6.2 and Gli1 are not present in region 1 and 2. This picture also shows the relative 
distance between the Shh expression domain and Shh-dependent genes. Figure is adapted 
from Yu et al., 2009.  
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Figure 2

Figure 2. Expression pattern of Gsh2 and Nkx6.2 in WT E14.5 mouse MGE. 
The expression of Gsh2 in the MGE is lower at the site where the dorsal midline touches the 
MGE (see white arrowhead), whereas the expression of Nkx6.2 is increased at that location. 
This suggests that signaling from the dorsal midline plays a role in regulating gene express-
ing within this region of the MGE. 
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Figure 3

Figure 3. Emx2-/- mutant mouse brain has significantly altered morphology 
Cresyl violet staining of WT (A) or Emx2-/- (B) E14.5 embryos demonstrated that knock 
out of Emx2 gene resulted in significantly altered brain morphology. In the WT brain, it 
is clearly visible that the dorsal midline rests on the MGE via the choroid plexus. In the 
Emx2-/- mutant, the dorsal midline area and choroid plexus are reduced in size and, as a 
consequence, no longer rest on the MGE. In addition, the ventral area appeared to be altered. 
The interganglionic sulcus seems repositioned in a ventral direction. All experiments were 
performed three times. 

Figure 4 (Right page). In situ hybridization for Nkx2.1, Nkx6.2 and Gli in WT and Emx2-/- 
E14.5 mouse brain
Shown are cryosections of the E14.5 mouse brain that are stained for Nkx2.1 (A,B), Nkx6.2 
(C,D) and Gli1 (E,F) mRNA. Staining for Nkx2.1 demonstrated that, compared to the WT 
brain (A), the Nkx2.1 domain is reduced in the Emx2-/- brain (B). This strengthens the con-
clusion that the MGE is reduced in this mutant mouse. Nkx6.2 is an interganglionic sulcus 
marker. In WT brains, this marker was observed in the sulcus region (C). In Emx2-/- brains, 
the Nkx6.2 expression domain was extended and observed at a more ventral location. Gli1 is 
another interganglionic sulcus marker. In WT brains, this marker was observed in the sulcus 
and in the preoptic area. In Emx2-/- brains, the Gli1 expression domain was not extended, but 
similar to Nkx6.2, also observed at a more ventral location. However, Gli1 mRNA was not 
detected in the preoptic area. Both interganglionic sulcus markers were observed at the dorsal 
most border of the Nkx2.1 expression domain in both WT and mutant brains. All experiments 
were performed three times. 
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Figure 4
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Figure 5

Figure 5.  Immunohistochemistry for Nkx2.1 and Nkx6.2 in WT and Emx2-/- E14.5 mouse 
brain
Shown on the left are cryosections of the E14.5 mouse brain that are stained for Nkx2.1 
(A,B) or Nkx6.2 (C,D). Merged images are shown below (E,F, all 4x). On the right, images 
show zoomed-in areas of the respective image on the left (all marked ', 16x). Staining for 
Nkx2.1 demonstrated that, compared to the WT brain (A), the Nkx2.1 domain is reduced in 
the Emx2-/- brain (B). This confirms data of the Nkx2.1 in situ hybridization. In WT brains,  
Nkx6.2 was observed in the sulcus region (C). In Emx2-/- brains, the Nkx6.2 expression 
domain was also observed in the sulcus region, however, the domain was extended towards 
the vMGE and the VZ of the mMGE (D). This confirms the data of the Nkx6.2 in situ hy-
bridization. Images merged for Nkx2.1 and Nkx6.2 demonstrated that the Nkx6.2 expression 
domain is mainly positioned between the MGE and the LGE, as expected (E,F). Nkx2.1 is 
shown in green, DAPI is shown in blue and Nkx6.2 is shown in red. All experiments were 
performed three times. 
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Figure 6

Figure 6.  Immunohistochemistry for Nkx2.1 and Zic1 in WT and Emx2-/- E14.5 mouse 
brain
Shown on the left are cryosections of the E14.5 mouse brain that are stained for Nkx2.1 
(A,B) or Zic1 (C,D). Merged images are shown below (E,F). On the right, images show 
zoomed-in areas of the respective image on the left. Staining for Nkx2.1 showed similar 
results are discussed for Fig.5. In WT brains, Zic1 was observed in the ventral telencephalon 
and striatum (C). In Emx2-/- brains, the Zic1 expression domain was also observed in the 
ventral telencephalon, however, Zic1 expressing cells were limited to the preoptic area and 
did not extend into the striatum (D). Images merged for Nkx2.1 and Zic1 demonstrated that 
the Nkx6.2 expression domain is mainly positioned between the MGE and the LGE, as ex-
pected (E,F). Nkx2.1 is shown in green, DAPI is shown in blue and Zic1 is shown in red. All 
experiments were performed three times. 
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Outline

Aim of the thesis and summary of the results

Discussion 

 1. Multiple signaling pathways in the MGE 
     - Wnt signaling controls proliferation of MGE progenitors
     - FGF signaling
     - Shh signaling
      - Induction and maintenance of Nkx2.1 expression in the MGE
      - Different levels of Shh signaling present in the MGE

 2. The role of Shh signaling in SST specification
     - Shh converts MGE progenitors from PV to SST fate
     - Regulation of Shh signaling in the MGE
       1) Location of Shh in MGE
  a) Shh signaling and lipid modification
  b) Regulation of Shh spreading and long distance functioning
       2) Post-transcriptional control of Shh signaling
  a) MicroRNA hypothesis 
  b) In vivo role of miRs in the MGE
  c) In vitro validation of miR targets in the MGE 
  d) Prediction of additional miR responsive genes
       3) Interaction of Shh with other pathways
  a) Wnt and Shh signaling
  b) FGF and Shh signaling
  c) BMP and Shh signaling

 3. The role of Notch signaling in generation of PV-expressing interneurons
     - Notch signaling and intermediate progenitors give rise to PV-expressing 
       interneurons
     - Vessel formation and IPCs
      - Expression of morphogens in endothelial cells
      - Vasculature is a niche for SVZ stem cells
      - Endothelial tip cells
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Aim of the thesis and summary of the results

The largest and most complex component of the mammalian brain is the cerebral cortex, 
which functions in memory and higher order cognitive processing. For proper functioning of 
the cerebral cortex, a network of projection neurons and interneurons is required, providing 
respectively excitatory and inhibitory stimuli. The interneurons play a vital role in modu-
lating cortical output and plasticity (Krimer et al., 2001), and  provide negative feedback 
to excitatory circuits. Any defect in the interneuron population may result in an imbalance 
between excitatory and inhibitory stimuli in the cerebral cortex, ultimately resulting in sei-
zures. Defects of interneurons have already been implicated in disorders such as epilepsy, 
hyperactivity, schizophrenia (Lewis et al., 2000) and autism (Rubenstein et al., 2003). Eluci-
dating how interneurons become specified is crucial and is of much interest to the field as it 
is expected to provide the basis for understanding seizure diseases and for developing stem 
cell based treatments for these diseases. 
So far, it has been shown that the ventral telencephalon, in particular the caudal (CGE) and 
medial (MGE) ganglionic eminence, is the primary source of cortical interneurons in rodents 
(Corbin et al.,  2001; Marin et al., 2001; Wonders et al., 2006). Cortical interneurons are 
subgrouped in largely non-overlapping groups, based on expression of neurochemical mark-
ers  parvalbumin (PV), somatostatin (SST) and calretinin (CR) (Gonchar et al., 1997). This 
thesis focused on SST- and PV-expressing interneurons, which have been shown to originate 
mainly from the Nkx2.1-expressing MGE (Xu et al., 2004). Here, we adressed three impor-
tant questions that were still open in the field, all of which need to be answered to establish a 
basic understanding how interneurons become specified in the developing mouse brain. 

The first question concerned spatiotemporal distribution of interneuron origin. Although the 
ventral telencephalon is the primary source of cortical interneurons in rodents, little is known 
about the specification of specific interneuron subtypes. In addition, it was unclear whether 
the potential of interneuron progenitors to achieve a given fate is established at their place of 
origin or by signals received during their migration to or during their maturation within the 
cerebral cortex. We demonstrate here that SST- and PV-expressing interneurons, two major 
interneuron subgroups, have largely distinct origins within the MGE (Chapters 2, 4). SST-
expressing interneurons are primarily generated within the dorsal MGE, while PV-expressing 
interneurons primarily originate from the ventral MGE (Chapters 2, 4). 

Second, it was unclear whether interneuron subtypes, in particular basket and chandelier cells 
which are both of the PV subtype, have a common progenitor within the MGE. So far this 
question had not been addressed in the field. Our data were indicative of different progenitors 
for basket and chandelier interneurons within the MGE (Chapter 3). 

Finally, it remained unclear how fate specification of interneurons within the MGE is con-
trolled by underlying molecular mechanisms. So far, it was demonstrated that Shh promotes 
SST- over PV-expressing interneuron specification in vitro (Xu et al, 2010). Our studies fo-
cused on the in vivo regulation of Shh signaling in the MGE of the developing mouse brain. 
In Chapter 5, we unravelled that, in vivo, patterning of Shh dependent genes in the MGE is  
likely regulated by (a factor from) the dorsal midline. This established a basis 

Summarizing discussion



88

for future research to determine what factor(s) is (are) involved and how regulation by the 
dorsal midline is acquired. 

Altogether our studies have contributed to a better understanding of how interneurons be-
come specified in the developing mouse brain. In addition, it has opened new avenues for 
future research. Below, the results of our studies, the implications for the field and possible 
future directions will be discussed in more detail.

Discussion 

1. Multiple signaling pathways in the MGE
Previous studies have demonstrated that multiple signaling pathways come together in the 
MGE from different parts of the telencephalon. From the dorsal telencephalon, FGF, Wnt 
and BMP signaling enters the MGE. From the ventral telencephalon, Shh signaling can sig-
nal into the MGE. Below, the role of each pathway within the MGE will be discussed with 
an emphasis on its role in interneuron fate specification. In addition, the interplay of these 
pathways will be highlighted. 

Wnt signaling controls proliferation of MGE progenitors
Within the MGE, beta-catenin mediated Wnt signaling has been shown to be required for 
maintenance of progenitor proliferation (Gulacsi et a, 2008). This study suggested that Wnt 
signaling did not grossly alter interneuron fate, whereas in the spinal cord, which is thought 
to have high similarities with telencephalic development, Wnt signaling was shown to be 
involved in cell specification (Yu et al., 2008).  Here, we described a reduction of the MGE 
size in the Emx2-/- mouse (Chapter 5). The Emx2-/- mouse develops with a reduced dorsal 
midline. Since the dorsal midline is a source for Wnts, this suggests that the reduction of 
MGE size might be the result of reduced proliferation, caused by lower Wnt levels in the 
Emx2-/- MGE. In addition, this suggests that beta-catenin mediated maintenance of prolif-
eration in the MGE is maintained via Wnts from the dorsal midline. 

Future studies to determine the role of Wnts on patterning of genes and interneuron fate 
specification in the MGE are challenging due to the requirement of Wnt for maintenance of 
progenitor proliferation in the SVZ and the VZ of the MGE. Any change in its expression 
would affect the size of the MGE and possibly its patterning. A solution to circumvent this, 
could be to use the Dlx5/6 Cre mouse to manipulate expression of Wnt pathway members in 
the SVZ of the MGE specifically (Eisenstat et al, 1999). As Dlx5/6 is expressed in the SVZ 
only, this would not affect proliferation of progenitors in the VZ and allow study of the role 
of Wnts on fate specification in the SVZ. Another approach to study the role of Wnt signaling 
in the MGE could be to electroporate overexpression constructs for specific Wnts in utero 
(Walantus et al, 2007). At this moment, it is unclear which Wnts to focus on and if compen-
sation by other Wnts might occur. To study loss of function of Wnt signaling, RNAi that is 
directed against various components of the pathway (eg. LRP/Arrow, Dishevelled) could be 
used. This method has been successfully applied to Drosophila and mammalian cells before 
(Matsubayashi et al, 2004, Lu et al, 2004). Other methods to study the effects of inhibiting 
Wnt signaling include adding ligand binding domains of its receptor Frizzled or by adding 
Dickkopf (Dkk) protein, both of which were shown to work well in cell culture and in vivo 
(Glinka et al, 1998). Previously, it was suggested that Wnt, apart from its 
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role in maintenance of MGE progenitor proliferation, together with Shh signaling promote 
distinct dorsal-ventral patterning that has broader effects on proliferation which in turn will 
serve to coordinate the growth of telencephalic subregions (Gulacsi et al, 2008). The role of 
Shh and its signaling within the MGE will be discussed below. 

FGF signaling
In the developing telencephalon, both FGF ligand and receptor are expressed and  FGF sig-
naling is essential for the generation of ventral cell types (Storm et al 2006, Shanmugalingam 
et al 2000, Shinya et al, 2001, Walshe et al 2003, Gutin et al 2006). In the MGE, Lhx6 and 
Shh expression, both of which are required for PV- and SST-expressing interneuron develop-
ment, requires expression of FGFR1 and -2, as demonstrated using FGFR1/FGFR2 double 
mutants (Gutin et al 2006). Similar data were obtained using the Smo conditional mutant 
(Fucillo et al 2004,) suggesting that the Shh signaling is a downstream target of FGF signal-
ing (Gutin et al, 2006) and that FGF signaling is required for interneuron development. 

Shh signaling
Induction and maintenance of Nkx2.1 expression in the MGE
In the MGE, Shh signaling is required for the expression of Nkx2.1 (Ericson et al 1995). In 
turn, Nkx2.1 is required for the formation of PV- and SST-expressing interneurons (Liodis et 
al, 2007; Xu et al, 2004). The competency of dorsal telencephalic tissue to respond to ectopic 
Shh signaling by inducing Nkx2.1 ends before E11.5 (Kohtz et al, 1998; Rallu and others 
2002, Machold et al., 2003). Moreover, it was shown that conditional loss of Shh-dependent 
Nkx2.1 expression at E12.5 leads to the generation of bipolar Calr-expressing interneuron 
subgroups, at the expense of SST-expressing interneurons (Butt et al, 2008). 
In addition, Shh signaling contributes to the formation of dorsoventral patterning in the tel-
encephalon. This is primarily regulated by formation of the repressor form of Gli3 (Gli3R) 
at low levels of Shh signaling (Litingtung and Chiang, 2000, Rallu et al, 2002). Nkx2.1 is 
induced in the MGE by Shh that antagonizes formation of the dorsalizing Gli3R protein. 
However, maintenance of Nkx2.1 by Shh does not require blocking the formation of Gli3R 
(Gulacsi and Anderson, 2006). 

Different levels of Shh signaling present in the MGE 
Previously, it has been shown that Shh mRNA is present in the mantle zone of the MGE 
but not in the VZ (Gulacsi et al; 2008). In the MGE, progenitors can be subdivided into two 
groups based on a difference in their expression of Shh-dependent genes. The first group, 
present in the VZ and SVZ of the dMGE, expresses Shh-dependent genes Gli1, Nkx6.2 and 
Nkx2.1. It is expected that Shh signaling is high in this area. The second group, present in the 
m- and vMGE, expresses Nkx2.1. It is expected that Shh signaling in this region is low. 

2. The role of Shh signaling in SST specification
In chapter 2 we show that, in addition to the dorsoventral bias for the origin of PV- and SST-
expressing  interneurons, large heterogeneity in gene expression exists between the dorsal 
and ventral MGE. This heterogeneity is believed to be at the basis of the bias of origin ob-
served. Recent data pointed toward an important role for Shh signaling in this bias, which 
will be discussed in more detail below. 
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Shh converts MGE progenitors from PV to SST fate 
Consistent with the observation that dorsal MGE progenitors have a bias for SST-expressing 
interneurons (Flames et al, 2007, Fogarty et al, 2007, Wonders et al, 2008) it was recently 
shown that the addition of Shh to primary culture doubles the fraction of SST-expressing in-
terneurons while suppressing the generation of PV-expressing interneurons (Xu et al, 2010). 
These results suggest a model whereby NKX2.1-expressing progenitors are susceptible for 
the generation of SST- versus PV-expressing subgroups, Shh signaling is high in the dMGE 
and dMGE cells respond to high levels of SHH signaling by primarily generating SST-ex-
pressing interneurons. 

Regulation of Shh signaling in the MGE
Despite the current descriptive information on Shh-dependent genes, the mechanisms under-
lying this patterning and fate specification are still an enigma. How is Shh signaling regulated 
in the MGE? This is the central question that should be studied to understand the molecular 
mechanisms that control fate specification of interneurons within the MGE. Shh signaling 
at its outcome can be influenced by: 1) the location of Shh protein, 2) post-transcriptional 
control and 3) interaction of Shh with other pathways. In order to understand the mechanisms 
underlying fate specification of SST-expressing interneurons by Shh within the MGE, more 
detailed understanding of the distribution of Shh signaling within the MGE is required. Given 
the observation that a bias for the origin of SST-expressing and PV-expressing interneurons 
exists on the dorsoventral axis of the MGE, the regulation of Shh signaling along this axis is 
of much interest.

1) Location of Shh in MGE
Shh mRNA was detected in the mantle zone of the MGE but not in the VZ (Fig 2 in Gulacsi 
et al; 2008). It remains unclear how the level of Shh protein in the VZ of the MGE is regu-
lated. Studies point toward post-translational modifications of Shh as a possible mechanism 
to regulate Shh spreading and its activity in tissue.

a) Shh signaling and lipid modification
Palmitoylation, the covalent binding of fatty acids to cysteine residues of proteins, of Shh 
is required for Shh to elicit its function (Kohtz et al., 2001, Chen et al., 2004a). The active 
form of Shh is dually lipid modified with palmitic acid at its N-terminus and cholesterol at its 
C-terminus (Mann and Beachy, 2004). The hydrophobic nature of the lipid groups suggests 
that these groups could be involved in regulation of Shh spreading in tissue. One gene that 
appears to be involved in mobilizing Shh is Disp1 (Caspary et al., 2002; Kawakami et al., 
2002; Ma et al., 2002), and its activity is limited to lipidated Shh only (Li et al., 2006; Tian 
et al., 2005). Immobile, lipid modified Shh forms large multimeric complexes in vitro (Chen 
et al., 2004; Zeng et al., 2001). Sequestration of Shh could explain how domains within the 
MGE with different levels of Shh signaling can be close to one another.

b) Regulation of Shh spreading and long distance functioning 
In contrast to palmitoylation, lack of cholesterol modification (ShhN) does not appear to af-
fect the potency of Shh as ShhN is equally potent as Shh to induce ventral cell types in neural 
explants (Feng et al., 2004). Studies in Drosophila with Shh lacking cholesterol showed that 
its spreading as well as induction of low treshold Shh target genes were increased, whereas 
the expression of high treshold genes near the Shh source was reduced (Callejo 
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et al., 2006; Dawber et al., 2005; Gallet et al., 2006). This suggests that cholesterol modifica-
tion limits the range of Shh spreading in tissue. Recent study in the limb bud showed that 
cholesterol modification of Shh is also required to restrict the spread of Shh across the an-
teroposterior axis (Li et al., 2006). These data suggested that cholesterol modification of Shh 
controls both the range and the shape of the Shh gradient.
In the mouse telencephalon, lack of cholesterol modification results in significant changes in 
telencephalic patterning, failure to form an MGE and an increase of LGE progenitors (Huang 
et al 2007). These findings suggest that patterning of the telencephalon is highly sensitive 
to alterations in cholesterol modification leading to altered Shh spreading behavior. Given 
the information above, the expression patterns of genes that control Shh lipid modification 
should be identified and mapped in the telencephalon and correlated to interneuron specifica-
tion.

2) Post-transcriptional control of Shh signaling
a) MicroRNA hypothesis 
Recent studies have shown that proteins levels can also be adjusted post-transcriptionally 
via microRNAs (miRs) that interact with target message RNAs (mRNAs) leading to mRNA 
cleavage or translational repression. An accumulating body of evidence reveals that miRs 
play critical roles in various developmental processes (Ambros, 2004). Elimination of 
Smoothened (Smo) can lead to a loss of Nkx2.1 expression and an increase of Gsh2 in the 
MGE (Xu et al 2010). Using a miR high-throughput profile screening in human medullablas-
toma, miR-125b and miR-326 were identified as suppressors of the Shh pathway activator 
Smo together with miR-324-5p, which also targets the downstream transcription factor Gli1 
(Ferretti et al 2008). Although they have been linked to repression of Shh signaling it is cur-
rently unknown if miRs play also a role in regulation of Shh pathway members in the MGE. 
In addition miRs could regulate expression of genes that regulate Shh signaling in the MGE 
that are not direct members of the Shh signaling pathway. There are several ways to study 
this and several questions need to be addressed. It has to be determined if miRs are present 
in the MGE, if they play a role in patterning and if they are differentially expressed in the d/
vMGE. Which specific miRs are different between d/vMGE? Is there is a role for miR-324-
5p, -326, -125b? Which classes of miRs differ between d/vMGE? In case classes of miRs are 
differentially expressed, which pathways are controlled by these miRs? 
One approach is to perform a miR microarray on ventral and dorsal MGE within the time-
frame of neurogenesis (E12.5 – E15.5). In addition, miRs could be involved in regulation 
of prepatterning of Shh responsive tissue which will determine the ability of the tissue to 
respond to Shh signal, in which case E9 – E12 should be investigated. The current chips to 
perform a miR microarray are based on the Sanger miRbase V12.0 which contains miR-
125b, -326 and -324-5p which are linked to regulation of Shh signaling members. Another 
similar approach is to perform a validated RT-PCR, which is more sensitive, however the 
tests available through the commercial suppliers currently do not contain miR-326 or -324-
5p.  Another, and even less biased, approach is the use of a deep sequencing method for small 
RNAs which will read all the abundant miRs (Ro et al 2006). This will allow identification of 
miRs that are not yet known or not present in the currently available microarray chip. When 
miR expression data are obtained, a correlation can be made between transcriptional and 
post-transcriptional control by comparing the miR results to the gene array results described 
in Chapter 2. 

Summarizing discussion



92

b) In vivo role of miRs in the MGE
To determine if miRs are important for in vivo patterning within the MGE or fate specification 
of MGE derived interneurons, a Crelox Dicer knockout mouse driven by the MGE specific 
promoter Nkx2.1 could be used. If no phenotypic differences are observed, it could suggest 
that either miRs do not play a role in this developmental process or miRs are not sufficiently 
reduced to alter patterning in the MGE. After all, miRs are very persistent and miR levels are 
roughly reduced 2-fold after 5 days of Cre expression (Papaioannou et al, 2009). Therefore, 
miR reduction using the Nkx2.1 driven Crelox Dicer mouse could occur too late for protein 
levels of Shh responsive genes to be altered in the MGE at the time that the interneurons are 
specified between E12 to E16. An MGE specific promoter that is expressed earlier in embry-
onic development should then be used. If differences in patterning are observed, then altera-
tion of fate specification by miRs can be studied in more detail. This could be investigated by 
determination of the ratio and numbers of PV- and SST-expressing interneurons in the adult 
cortex of the Dicer knockout mouse. In case embryonic lethality is observed in the knockout 
mouse, electroporation of Nkx2.1-driven Cre recombinase plasmid into telencephalon slices 
derived from Dicer lox mouse could be used. 

c) In vitro validation of miR targets in the MGE 
'Hits' from the miR array can be validated in vitro using loss and gain of function studies. 
Loss of function can be studied using siRNAs directed against the miR of interest. Different 
siRNA approaches are available including locked nucleic acid (Exiqon), morpholino or 2’-O-
methyl RNA (Integrated DNA technologies). The role of miRs on patterning in the MGE can 
be defined by transfection of E12-E14 MGE slices with a combination of DsRed, as control 
for transfection, and siRNA against the miR of interest. Gain of function can be studied us-
ing adenoviral overexpression of specific miRs or transient transfection with synthetic miR 
(Dharmacon).

d) Prediction of additional miR responsive genes
Another way to identify miRs that might play a role in dorsoventral patterning within the 
MGE is to search for miR binding sites present in the 3'UTR of genes that are enriched in the 
dorsal or ventral MGE. The sites and their interacting miRs can be revealed using predictive 
software. If the presence of particular miRs can be correlated to the absence of gene expres-
sion in the respective dorsal or ventral MGE, this can point toward miRs that play a role in 
the dorsoventral patterning and interneuron fate specification. A complicating factor is that 
mRNAs are often regulated by multiple miRs at the same time. To verify the interaction of a 
miR with a predicted target gene, an UTR-luciferase assay by transient transfection into slice 
cultures can be performed. 

3) Interaction of Shh with other pathways
As Shh from the ventral telencephalon and Wnt, FGF and BMP from the dorsal telencepha-
lon signal into the MGE, Shh signaling can be influenced by the interplay of these pathways. 
Below the interactions between the pathways will be discussed. 

a) Wnt and Shh signaling 
Currently, no data exist that link Shh directly to Wnts in the MGE. However, in limb for-
mation, wnt7a is required for maintenance of Shh expression (Akita et al 1996). In the tel-
encephalon, it is known that downstream effectors of Shh signaling, including Six3 and 
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possibly FGF8, repress the dorsalizing influences of both BMP and Wnt signaling (Ohkubo 
et al, 2002; Backman et al, 2005; Gestri et al, 2005).

b) FGF and Shh signaling
FGF signaling is essential for the generation of ventral cell types in the telencephalon (Storm 
et al 2006, Shanmugalingam et al 2000, Shinya et al, 2001, Walshe et al 2003, Gutin et al 
2006). A positive feedback loop between FGF and Shh was shown in limb patterning. There, 
Shh attenuates the function of Gli3R, which itself negatively regulates FGF signaling (Gutin 
et al, 2006). Recently, it was postulated that, around E10, FGF plays a role in prepatterning 
of MGE cells to respond to Shh signaling (Sousa and Fishell, 2010). As FGF is expressed by 
choroid plexus epithelial cells and the choroid plexus touches the dMGE, FGF might play a 
role in prepatterning of the dMGE for Shh. As such, the expansion of the Nkx6.2 domain, as 
observed in the Emx2-/- mouse (Chapter 5), might be the result of a loss in prepatterning in 
the MGE due to reduced FGF signaling via the dorsal midline.
Self-renewal and expansion of a subpopulation of FGF-responsive VZ precursors of the LGE 
and MGE is promoted by CNTF/LIF/gp130 receptor signaling (Gregg et al, 2005). Both cili-
ary neurotrophic factor (CNTF) and leukemia inhibitory factor (LIF) are robustly expressed 
in the choroid plexus (Gregg et al., 2005). A such, the reduction in size of the MGE, as ob-
served in the Emx2-/- mouse, can be a result of the lower level of this signaling in the VZ of 
the MGE (Chapter 5).

c) BMP and Shh signaling
In the limb bud, Shh expression is negatively regulated by BMPs. BMP-dependent down-
regulation of Shh occurs via interference with Wnt and FGF signaling, that maintain Shh ex-
pression (Bastida et al 2009). Since BMPs are high in the dorsal midline of the telencephalon, 
BMPs might be able to enter the MGE via the contact area between the choroid plexus and 
the dMGE and as such confine the Shh domain in the dMGE. This would fit with our Nkx6.2 
observations in the Emx2-/- mouse, as described above (see also Chapter 5).

3.The role of Notch signaling in generation of PV-expressing interneurons
Notch signaling and intermediate progenitors give rise to PV-expressing interneurons 
G1-phase active cyclins D1 (cD1) and D2 (cD2) are involved in control of the cell cycle 
in the MGE (Glickstein et al, 2007). cD1 and cD2 have distinct expression patterns in the 
embryonic forebrain with limited overlap (Glickstein et al., 2007). Within the MGE, cD1 
cells are restricted the VZ, whereas cD2 cells are more prevalent in the SVZ. At E13, cD2 
expression is high in the SVZ of m- and vMGE and is low in the SVZ of dMGE (see Fig 1I 
of Glickstein et al, 2007). In the SVZ, cD2 promotes division of intermediate progenitors 
(IPCs), also named transit amplifying cells. Removal of cD2 caused selective reduction of 
PV-expressing interneurons whereas the SST-expressing interneurons remained unaffected 
(Glickstein et al, 2009). It has been proposed that cD2 promotes IPC divisions in the SVZ 
and that these ensure proper output of at least a subset of PV interneurons (Glickstein et al., 
2007). Given its role and the distribution within the MGE, cD2 might be at the basis of the 
dorsoventral bias for the generation of PV-expressing interneurons, as described in Chapter 
2 and Chapter 4.  
During mammalian lens development, cD1 and cD2 have been suggested to act downstream 
of Notch signaling (Rowan et al 2008). In the neuroepithelium of E13 telencephalon, IPCs re-
spond to Notch receptor activation (Mizutani et al,  2007). This raises the question if Notch
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signaling regulates cD2 expression in IPCs that are present in the SVZ of the m- and vMGE, 
and thereby influences the number of PV-expressing interneurons. Interestingly, our d/vMGE 
gene array revealed two Notch genes (Jagged-1 en Hey2) which showed strong differential 
expression within the MGE at E13.5 (Chapter 2). Jagged-1, which is a ligand for the Notch 
receptor, is highly enriched in the dMGE. Hey2, which is a basic helix-loop-helix (bHLH)-
type transcription factor and whose expression is induced by the Notch signaling pathway, 
is highly enriched in the vMGE, being the same region where the majority of PV-expressing 
interneurons is generated. This suggests that Notch signaling plays a role in the generation of 
PV-expressing interneurons from IPCs in the MGE. 

Vessel formation and IPCs
In addition to Notch signaling, recent studies have uncovered an intriguing interplay between 
blood vessel formation and IPCs in the telencephalon. IPCs are spatially and temporally as-
sociated to blood vessels during cortical development and divide near blood vessel branch 
points (Javaherian et al, 2009), which will be discussed below in more detail.
 
Expression of morphogens in endothelial cells
Within the telencephalon, periventricular vessels are formed in a ventral to dorsal fashion 
(Vasudevan et al, 2008). This process is regulated by ventral homeobox genes Nkx2.1, Pax6 
and Dlx1 and -2, that act cell autonomously in vascular epithelia (Vasudevan et al, 2008). An 
unresolved issue in developmental neurobiology is how inductive morphogenetic gradients 
propagate over relatively long distances in the embryonic brain. The ventral to dorsal pattern 
of blood vessel formation would allow for a spatiotemporal gradient of morphogens over 
a long distance within the telencephalon. We postulate that this process is mechanistically 
linked to fate specification of interneurons within the MGE.

Vasculature is a niche for SVZ stem cells
The progression of the periventricular vessel formation, described above, is both spatially 
and temporally linked with the appearance of mitotic figures in the SVZ (Bhide et al 1996, 
Sheth and Bhide, 1997), suggesting that these events are linked mechanistically. Two cell 
types that play a role in cortical neurogenesis and are located in the neuroepithelium, are 
radial glia and IPCs. Radial glia are bipolar cells with radial fibers that extend to the pial 
surface. They divide asymmetrically to produce a radial glia cell and either a neuron, via di-
rect  neurogenesis, or an IPC, via indirect neurogenesis (Misson et al. 1988; Takahashi et al. 
1995; Noctor et al. 2001; Tamamaki et al. 2001; Tarabykin et al. 2001; Anthony et al. 2004; 
Haubensak et al. 2004; Zimmer et al. 2004). In the neocortex, IPCs, which are multipolar 
cells that express the T-box transcription factor Tbr2, migrate from the VZ to the SVZ to 
undergo symmetrical divisions and produce two neurons (Takahashi et al. 1995; Haubensak 
et al. 2004; Noctor et al. 2004, 2008; Englund et al. 2005). The majority of divisions of Tbr2-
expressing IPCs occurs in the embryonic cortical SVZ (Englund et al. 2005). Recently, it was 
suggested that a relationship between cortical neurogenesis and angiogenesis exists (Palmer 
et al. 2000; Louissaint et al. 2002; Gerhardt et al. 2004; Shen et al. 2004; Vasudevan et al. 
2008). For instance, in vitro, endothelial cells can promote the proliferation of cortical stem 
cells through the release of one or more diffusible factors (Shen et al. 2004). In the develop-
ing telencephalon, Tbr2-expressing IPCs are spatially and temporally associated with corti-
cal vasculature in the SVZ (Javeherian, Kriegstein 2009). Moreover, Tbr2-expressing IPCs 
divide near vascular branch points.  
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 Endothelial tip cells
Two distinct endothelial cell types play a role in angiogenesis: tip cells and stalk cells (Ger-
hardt et al. 2003). Tip cells are only observed during angiogenesis, are responsible for vas-
cular patterning and have highly dynamic filopodia (Gerhardt et al. 2003). Endothelial stalk 
cells are generated after the generation of tip cells and they form the tubular structure of 
blood vessels (Gerhardt et al. 2003). The filopodia of tip cells extend to the ventricular sur-
face (where radial glia divide) and nteract with fibers from radial glia in the hindbrain (Ger-
hardt et al. 2004). This suggest that communication exists between progenitors of the vas-
culature (tip cells) and central nervous system. The observation that Tbr2-expressing IPCs 
in the SVZ divide near vascular branch points (Javaherian, Kriegstein, 2009) suggests that 
endothelial tip cells may contribute to a neurogenic niche for IPCs. In addition, blood in the 
embryonic vasculature, which is a source of circulating growth factors, may also provide the 
factors that IPCs require. However, data show that Tbr2-expresssing IPCs are associated with 
leading vasculature cells in regions where developing blood vessels are beginning to appear. 
The cells at the leading edge are primarily endothelial tip cells that do not contain circulating 
blood, even more so because the luminal structures from endothelial stalk cells have not
been formed yet (Gerhardt et al. 2003). This suggests that, instead of factors from the circula-
tion, the leading edge of the vasculature via endothelial tip cells plays a role in cell division 
of Tbr2- expressing IPCs (Javaherian, Kriegstein, 2009). 
Recently it was shown that Shh, which is expressed in the mantle zone of the MGE that is 
bordering the SVZ, is involved in regulating Notch target genes via VEGF-A in the vascu-
lar epithelium. (Morrow et al, 2009). Since IPCs divide near the vascular epithelium in the 
SVZ and are linked to the formation of PV-expressing interneurons, it suggests that blood 
vessel branch points are the catalysts for specification centers within the MGE. Interest-
ingly, IPCs are no longer spatially associated with vasculature after blood vessels have been 
formed (Javaherian et al, 2009). It can be hypothesized that within the MGE, the interaction 
of IPCs with the vasculature plays a role in the spatiotemporal bias in fate specification of in-
terneurons and subtypes thereof. More specifically, the temporal association of IPCs with the 
vasculature could be at the basis of generation of basket and chandelier cells from the same 
region at different time points. After all, our data demonstrated that basket and chandelier 
cells likely originate from different progenitors (Chapter 3). 

In summary, this thesis has described new insights into the spatiotemporal distribution of cor-
tical interneuron fate specification within the MGE and underlying molecular mechanisms. 
Mechanisms for the regulation of Shh and Notch signaling in the MGE have been proposed, 
opening new avenues to investigate fate specification of PV- and SST-expressing interneu-
rons and their subtypes in the developing brain.
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Het grootste en meest complexe onderdeel van het zoogdierbrein is de hersenschors of 
cerebrale cortex. Dit hersendeel speelt een hoofdrol in hoge-orde cognitieve verwerking 
van informatie, geheugen, spraak en taal en motoriek. De cortex bestaat uit netwerken van 
projectieneuronen, die zorg dragen voor stimulerende (excitatoire) signalen vanuit de cortex 
naar andere hersengebieden , en van interneuronen, die deze stimulerende signalen bijsturen 
via remmende (inhibitoire) signalen. De projectieneuronen maken gebruik van de neu-
rotransmitter glutamaat, de interneuronen maken gebruik van de neurotransmitter GABA 
(gamma-aminoboterzuur). Voor het correct functioneren van de hersenschors is adequate 
opbouw en evenwichtige werking van deze neuronnetwerken essentieel.
De interneuronen spelen een belangrijke rol in het reguleren van zowel functie en plas-
ticiteit van de hersenschors, en zorgen voor negatieve terugkoppeling naar stimulerende 
netwerken. Daarnaast reguleren interneuronen processen tijdens de ontwikkeling, waar-
onder de totstandkoming van plasticiteit van de hersenschors.  Een defect in de interneu-
ronpopulatie kan resulteren in een verstoorde balans tussen stimulerende en remmende 
signalen in de hersenschors. Dit kan epileptische toevallen tot gevolg hebben, maar ook 
problemen in denken en gedrag veroorzaken. Defecten in de interneuronpopulatie zijn in 
verband gebracht met diverse hersenziekten waaronder epilepsie, hyperactiviteit, schizof-
renie en autisme. Het is daarom van groot belang te weten hoe interneuronen ontstaan en 
hoe zij hun eigenschappen verkrijgen tijdens de ontwikkeling van de hersenen. Deze kennis 
kan bijdragen tot inzicht in het ontstaan van deze ziekten en kan in de toekomst mogelijk 
worden gebruikt voor de ontwikkeling van stamcel-gebaseerde behandelingen van deze 
ziekten. 
Interneuronen in de hersenschors zijn afkomstig uit het dorsale deel van de ontwikkelende 
grote hersenen en verplaatsen zich via radiale gliacellen (cellen die neuronen verzorgen) 
naar de hersenschors waar ze hun uiteindelijke positie innemen. Deze migratie van in-
terneuronen is uitvoerig bestudeerd in de muis, maar vindt ook plaats bij de mens evenals 
waarschijnlijk alle zoogdieren. De primaire bron van corticale interneuronen zijn in het 
bijzonder de Eminentia Ganglionima Cauda en Eminentia Ganglionima Medialis (EGM). 
Gebaseerd op anatomie, morfologie, fysiologie en expressie van verschillende eiwitten 
[neurochemische moleculen] zijn corticale interneuronen onder te verdelen in grotendeels 
afzonderlijke groepen. De groepen van interneuronen waar het onderzoek beschreven in dit 
proefschrift zich op richt, zijn herkenbaar aan de expressie van de eiwitten parvalbumine 
(PV), somatostatine (SST) en calretinine (CR), en zijn uit de EGM afkomstig.  Echter, hoe 
deze interneuronen ontstaan uit voorlopercellen en vervolgens hun identiteit en plaats in 
het netwerk verkrijgen, is nog grotendeels onduidelijk doordat het onderzoek ernaar wordt 
bemoeilijkt door verschillende factoren. De belangrijkste factoren zijn de diversiteit in de 
verschillende typen interneuronen en de mate en duur van rijping die afhankelijk is van de 
context. 

Dit proefschrift is gericht op de specificatie van PV- en SST-expresserende interneuronen 
uit de EGM. Drie openstaande vragen, die allen beantwoord dienen te worden om te kun-
nen begrijpen hoe interneuronen hun identiteit verkrijgen in het ontwikkelende muis brein, 
zijn in dit proefschrift in detail bestudeerd.
De eerste vraag betreft de plaats en de tijd van het ontstaan van interneuronen in het 
ontwikkelende brein. Ondanks dat bekend is dat het dorsale deel van de grote hersenen de 
primaire bron van hersenschors interneuronen is, is er weinig bekend hoe de verschillende 
interneuronen worden gespecificeerd. Tevens is niet bekend of interneuronen hun identiteit 
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verkrijgen op de plaats van origine, tijdens migratie van de EGM naar de hersenschors, of 
tijdens de uiteindelijke rijping in de hersenschors. In hoofdstuk 2 wordt beschreven waar 
precies in de EGM SST- en PV-positieve interneuronen hun oorsprong hebben. Hierbij is 
gebruik gemaakt van in vivo en in vitro transplantaties van EGM cellen. SST-positieve 
interneuronen blijken voornamelijk afkomstig te zijn uit de dorsale EGM, terwijl PV-
positieve interneuronen voornamelijk afkomstig zijn uit de ventrale EGM. Tevens wordt 
significante heterogeniteit in genexpressie aangetoond tussen de ventrale en dorsale EGM. 
Dit suggereert dat de omgeving verschillend is in factoren die betrokken zijn in interneuron 
specificatie. Het is mogelijk dat interneuronen hun identiteit verkrijgen, grotendeels ten 
gevolge van verschillende moleculaire microdomeinen langs de dorsale-ventrale as van 
het EGM.  In hoofdstuk 4 zijn de bevindingen van hoofdstuk 2 nader uitgewerkt waarbij 
de herkomst van PV- en SST-positieve interneuronen tijdens celdeling werd bepaald. In 
hoofdstuk 2 is de herkomst van de in de EGM aanwezige cellen bepaald. Echter, de cellen 
in de EGM migreren in een ventro-dorsale richting binnen de EGM waardoor een fractie 
van deze cellen mogelijk elders geboren kan zijn. Door cellen te kleuren op het moment 
van de celdeling (mitose), is het mogelijk om onderscheid te maken op basis van mito-
tische origine. Hiervoor zijn experimenten uitgevoerd waarin EGM cellen gelabeld zijn in 
de S-fase (tijdens de celdeling) en vervolgens getransplanteerd. Dit experiment is op twee 
momenten tijdens de ontwikkeling van het voorbrein uitgevoerd. De resultaten bevestigen 
de dorsoventrale verdeling voor het verkrijgen van identiteit van respectievelijk SST- en 
PV-positieve interneuronen. Daarnaast laten ze ook zien dat de herkomst diffuus is over de-
zelfde as binnen de EGM. Parvalbumine-positieve interneuronen kunnen worden opgedeeld 
in twee subtypes: basketcellen en chandeliercellen. In hoofdstuk 4 wordt ook de herkomst 
van PV-positieve chandeliercellen vastgesteld. Deze blijken grotendeels afkomstig te zijn 
uit het meest ventrale deel van de EGM ligt rond dag 15 van de ontwikkeling van het 
muizeembryo.
De tweede vraag is of verschillende interneuron subtypes een gezamenlijke voorlopercel 
hebben in de EGM. Door middel van een transplantatie experiment werd bevestigd dat 
interneuron voorlopercellen geprogrammeerd worden tot basket- en chandeliercellen in de 
EGM. Met behulp van transgene muizen is clonale analyse uitgevoerd. Hoewel de gebruik-
te methode niet de meest geschikte aanpak voor deze vraag bleek te zijn, suggereren de data 
dat basketcellen en chandelier cellen afkomstig zijn van verschillende voorlopercellen in de 
EGM (hoofdstuk 3).
De laatste vraag betreft het mechanisme van programmering van voorlopercellen in de 
EGM.  Tot dusver is aangetoond dat verhoogde signalering van de groeifactor sonic hedge-
hog (Shh) voorkomt in het meest dorsale deel van de EGM. In vitro is daarnaast aangetoond 
dat verhoogde eiwitniveaus van Shh  de programmering van SST-positieve interneuronen 
stimuleert en die van PV-positieve interneuronen remt. Bovendien is expressie van Shh 
mRNA alleen waargenomen in de binnenlaag van de EGM en niet in de dorsale EGM. Ech-
ter, het overgrote deel van de SST-positieve interneuronen is afkomstig uit het gedeelte van 
de EGM waar weinig Shh is waargenomen. Het is daarom onduidelijk hoe Shh-signalering 
hoog kan zijn in de dorsale EGM terwijl dit gebied een lage concentratie van Shh mRNA 
heeft. Dit is een belangrijke vraag omdat verwacht wordt dat Shh-signaling in de EGM een 
bepalende factor is voor de diversiteit in deze interneuronen. Onze studies richtten zich op 
de regulatie van de Shh-signalering in de EGM van het ontwikkelende brein van de muis. 
De dorsale middenlijn van de cortex rust op de dorsale EGM waarin sterke Shh-signalering 
plaatsvindt. Door gebruik te maken van een Emx2-deficiente muis, die een gereduceerde 
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dorsale middenlijn in de cortex heeft, is onderzocht of een factor uit dit gebied, betrokken is 
bij regulering van Shh-signalering in de EGM. De resultaten toonden aan dat het expressie-
patroon van Shh-afhankelijke genen in de EGM in vivo zeer waarschijnlijk gereguleerd 
wordt door een factor uit de dorsale middellijn (hoofdstuk 5). Deze factor is niet bekend. 
Deze vinding legt de basis voor toekomstig onderzoek naar dergelijke factoren en de regu-
latie van ontwikkeling door de middenlijn.
Dit proefschrift beschrijft experimenten naar ontrafeling van de mechanismen van herse-
nontwikkeling. Het richt zich vooral op de mechanismen waarmee de grote diversiteit aan 
corticale interneuronen ontstaan. Deze vormt de basis van de complexiteit van corticale 
netwerken die dit hersengebied in staat stelt zeer complexe functies uit te oefenen. De 
belangrijkste vinding in dit proefschrift is de invloed van factoren uit de middenlijn die de 
werking van de groeifactor Shh zodanig regelen dat er verschillen type interneuronen kun-
nen ontstaan. Dit mechanisme vormt een belangrijk fundament voor de ontwikkeling van de 
cortex en kan tevens de oorsprong zijn van hersenziekten die met een stoornis in de ontwik-
keling samenhangen. Dit mechanisme en de betrokken factoren dienen verder onderzocht te 
worden.
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