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Significance

Interneurons within the 
neocortex inhibit circuit activity 
through the timely release of the 
neurotransmitter GABA (gamma- 
aminobutyric acid). In contrast to 
excitatory neurons, interneurons 
originate from the embryonic 
ventral forebrain and undergo an 
extensive migration to reach 
their ultimate destinations. Our 
findings reveal that dynamic 
expression of the transcription 
factor FoxG1 serves as an intrinsic 
developmental clock in 
interneuron precursors. 
Mechanistically, FoxG1 activity in 
interneuron precursors 
sequentially regulates GABAergic 
cell identity, entrance into the 
cortex, distribution across 
hippocampal and cortical 
territories, and allocation within 
the six- layered neocortex. 
Indeed, a stepwise decrease in 
gene dosage revealed the 
dose- dependent functions of 
FoxG1, underscoring the 
association of both 
haploinsufficiency and gene 
duplication forms of FOXG1 with 
autism- linked 
neurodevelopmental disorders.

Author contributions: G.M., G.F., R.P.M., and M.M. 
designed research; G.M., Y.U., Y.Y., and Y.K. performed 
research; G.M. and G.F. contributed new reagents/
analytic tools; G.M., Y.U., Y.Y., and Y.K. analyzed data; and 
G.M., G.F., R.P.M., and M.M. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution- NonCommercial- NoDerivatives License 4.0 
(CC BY- NC- ND).
1To whom correspondence may be addressed. Email: 
Goichi.Miyoshi@gmail.com.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2317783121/- /DCSupplemental.

Published April 8, 2024.

DEVELOPMENTAL BIOLOGY

Developmental trajectories of GABAergic cortical interneurons 
are sequentially modulated by dynamic FoxG1 expression levels
Goichi Miyoshia,b,c,1 , Yoshifumi Uetab, Yuki Yagasakib, Yusuke Kishid,e , Gord Fishellc,f,g, Robert P. Macholdc, and Mariko Miyatab

Edited by Pasko Rakic, Yale University, New Haven, CT; received October 18, 2023; accepted March 4, 2024

GABAergic inhibitory interneurons, originating from the embryonic ventral forebrain 
territories, traverse a convoluted migratory path to reach the neocortex. These interneu-
ron precursors undergo sequential phases of tangential and radial migration before set-
tling into specific laminae during differentiation. Here, we show that the developmental 
trajectory of FoxG1 expression is dynamically controlled in these interneuron precursors 
at critical junctures of migration. By utilizing mouse genetic strategies, we elucidate the 
pivotal role of precise changes in FoxG1 expression levels during interneuron specifica-
tion and migration. Our findings underscore the gene dosage–dependent function of 
FoxG1, aligning with clinical observations of FOXG1 haploinsufficiency and duplication 
in syndromic forms of autism spectrum disorders. In conclusion, our results reveal the 
finely tuned developmental clock governing cortical interneuron development, driven 
by temporal dynamics and the dose- dependent actions of FoxG1.

cortex | development | inhibitory neuron | interneuron | gene- dosage

GABAergic interneurons within the neocortex play pivotal roles in local inhibition and 
have been shown to contribute to diverse cortical functions such as memory, cognition, 
and sociability through the regulation of rhythm generation in circuits. During develop-
ment, cortical circuits are formed through the assembly of locally generated excitatory 
pyramidal cells and GABAergic inhibitory interneurons derived from the subpallium 
(1–3). Concurrent with the sequential formation of pyramidal cell layers in an inside- out 
manner (4, 5), migratory interneuron precursors disperse across all cortical areas and 
layers. During this process, interneuron precursors undergo distinct forms of tangential 
and radial migration following their specification in the distantly located embryonic ventral 
forebrain territories of the ganglionic eminences and preoptic area (6–13). Newly born 
interneuron precursors rapidly exit the ventral germinal zones and migrate through ventral 
structures such as the developing striatum to invade the neocortex (14, 15). Upon entering 
the cortical primordium, interneuron precursors avoid the developing cortical plate and 
migrate tangentially above and below this structure (16–21). At late embryonic to early 
postnatal stages, most interneuron precursors change their migration mode from tangential 
to radial in order to populate specific cortical lamina (22, 23). Thus, interneuron precursors 
must sequentially switch their migration mode to arrive at their correct areal and laminar 
location, but how these transitions are controlled during development is not well under-
stood (24–33).

Interestingly, there are indications that the differentiation program of cortical 
interneurons is regulated under the tight control of an intrinsic developmental clock, 
mediated via sequential expression of transcription factors. For example, Ascl1 and 
Dlx1/2 genes are required for initial GABAergic specification (34–36), Arx and Zeb2 
facilitate postmitotic cell migration into the cortex (37–39), and later, Lhx6, SatB1, 
Sox6, and Prox1 regulate interneuron migration within the cortex (40–46). Recently, 
we have shown that the dynamically regulated expression of a forkhead box- containing 
transcription factor FoxG1 is essential for the proper formation of cortical lamina (47). 
Considering that FoxG1 is expressed in both pyramidal neurons and interneurons, we 
hypothesized that FoxG1 may play critical roles as part of an intrinsic developmental 
clock in coordinating the differentiation and migration of interneurons. The central 
role of FoxG1 in cortical specification is well established: FoxG1 is expressed at neural 
plate stages, and embryos null for FoxG1 exhibit almost complete loss of telencephalic 
structures (48–54). Interestingly, FOXG1 gene dosage itself has been found to impact 
human development and mental health. Either haploinsufficiency (55–58) or gene 
duplication (59, 60) of FOXG1 both lead to syndromic forms of autism spectrum 
disorder/intellectual disability (61–63). Recently, we have demonstrated that the 
autism- related social behavioral impairments in human FOXG1 haploinsufficiency and 
duplication cases could be recapitulated in transgenic FoxG1 mouse models (64). Still, 
it is not yet known how FoxG1 functions in a dose- dependent manner or whether 
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Fig.  1.   FoxG1 expression is tightly correlated with the differentiation and migratory stages of GABAergic neuronal precursors. (A–N) GABAergic neuronal 
precursors are labeled in red using Dlx5a- Cre; R26- stop- tdTomato (Ai9) fate mapping, with FoxG1 immunohistochemistry shown in blue. (A and B) Anterior and 
posterior coronal sections of the mouse forebrain at E14.5. Medium levels of FoxG1 expression in postmitotic GABAergic neuron precursors (A’, Med) are evident  
(C, C’, and D, arrowheads). (E and E’) Higher magnification of the E14.5 cortical region outlined in A’. Within GABAergic neuronal precursors (red), FoxG1 expression 
(blue) is very low in the intermediate zone and is almost invisible in the marginal zone (E and E’, open arrowheads). However, FoxG1 is expressed at high levels 
in pyramidal neuron precursors in the cortical plate. Higher magnification of the marginal (F) and intermediate (G) zones in E. (H–K) At E18.5, while GABAergic 
cells in the marginal zone (I) and cortical plate (J) express FoxG1, the ones in the SVZ/VZ do not express at comparable levels (K, open arrowheads). (L–N) At P3, 
many GABAergic neuron precursors are undergoing radial migration and have reexpressed FoxG1. High magnification of the squared areas in L is shown in 
M and N. (O) A schematic drawing depicting the high, medium, and low phases of FoxG1 expression (blue) in developing cortical GABAergic interneurons (red) 
originating from the ventral forebrain. Each figure represents the analysis of three brains. MGE, LGE, and CGE: medial, lateral, and caudal ganglionic eminence, 
Ctx: cortex, HC: hippocampus, Th: thalamus, MZ: marginal zone, CP: cortical plate, IZ: intermediate zone, SVZ/VZ: subventricular/ventricular zone, WM: white 
matter. (Scale bars: A and B 200 µm and C–N 50 µm.)
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dynamic regulation of FoxG1 expression regulates differentia-
tion in GABAergic lineages.

Here, we find that FoxG1 expression levels are dynamically 
regulated during the course of GABAergic interneuron development 
and that FoxG1 expression is selectively down- regulated in interneu-
ron precursors during tangential migration. Utilizing in vivo genetic 
strategies to carry out FoxG1 gain and loss- of- function (GOF and 
LOF), we first identified that FoxG1 is an essential gene for 
GABAergic lineages and is required for their initial specification in 
a cell- autonomous manner. While FoxG1 expression is required for 
postmitotic interneuron precursors to invade the cortical primor-
dium, FoxG1 must be down- regulated to facilitate tangential migra-
tion into dorsomedial regions of the developing cortex as well as 
the hippocampus. Subsequent to this phase of tangential migra-
tion, FoxG1 expression needs to be reinitiated in order of cells to 
enter into the cortical plate and to occupy proper laminar loca-
tions. We further show that FoxG1 functions in a gene dosage–
dependent manner through generation of an allelic series of FoxG1 
mouse models. Our study provides evidence for how distinct 
phases of interneuron differentiation are controlled through 
dynamic changes in the expression of a single gene, FoxG1.

Results

FoxG1 Levels Are Dynamically Regulated in Developing 
Forebrain GABAergic Interneurons. Once specified, pyramidal 
neuron precursors must transiently down- regulate FoxG1 
expression during the initial phases of their migration in order to 
reach the correct cortical lamina (47). Thus, we examined whether 
FoxG1 was similarly regulated in a dynamic manner in cortical 
GABAergic interneuron precursors during their developmental 
trajectory. Postmitotic GABAergic populations were fluorescently 
labeled in Dlx- Cre; R26- stop- tdTomato (Ai9) animals, and FoxG1 
protein levels at various developmental time points were evaluated 
by immunohistochemistry (Fig. 1 A–N). The FoxG1 antibodies 
show minimal background outside the forebrain territories such 
as in the thalamus (Fig. 1B’) as well as in null tissues (this study). 
At E14.5 (Fig. 1 A, A’, B, and B’), FoxG1 expression is evident 
in postmitotic GABAergic neuronal precursors (Fig. 1 C, C’, and 
D, high magnification of Fig. 1A’, ventral) but is down- regulated 
during the tangential migration phase in the cortex (Fig. 1 E, E’, F, 
and G, open arrowheads, high magnification of Fig. 1A’ cortex). In 
particular, cells in the marginal zone exhibit almost no expression 
of FoxG1 compared to pyramidal cells within the cortical plate 
(Fig. 1 E, E’ and F, MZ; Fig. 1O scheme, bottom: low). These data 
suggest that as interneuron precursors begin tangential migration, 
they rapidly down- regulate FoxG1 expression upon reaching the 
cortex. Following their tangential dispersion throughout the 
cortex, GABAergic interneuron precursors switch to a radial 
migration mode in order to reach their final laminar locations 
(22, 65). Interestingly, at E18.5, many GABAergic neuron 
precursors migrating inside the cortical plate reexpress FoxG1 at 
high levels, in a manner comparable to the neighboring pyramidal 
neurons (Fig. 1 H and J, arrowheads). In addition, GABAergic 
cells in the marginal zone (Fig. 1I) but not below the intermediate 
zone (Fig. 1K) were found to express FoxG1 at high levels. At 
postnatal day 3 (P3), when most GABAergic neuron precursors 
are commencing radial migration in the cortical plate, cells 
express FoxG1 at high levels (Fig. 1 L–N). These data indicate 
that FoxG1 expression is reinitiated upon the shift from tangential 
to radial migration (Fig. 1O scheme: high). Thus, we find that 
FoxG1 expression levels undergo dynamic changes that are tightly 
correlated with the migration phases of GABAergic interneurons 
(Fig. 1O, scheme, bottom).

FoxG1 Is Cell Autonomously Required for the Establishment of 
GABAergic Neuronal Identity. To examine how dynamic changes 
in FoxG1 expression regulate the formation of inhibitory circuits, 
we removed (LOF) or increased (GOF) FoxG1 expression during 
progressive stages of GABAergic cell development and followed 
the fate of targeted cells. First, we examined the roles of FoxG1 
in the progenitor domains of interneurons. Complete loss of 
GABAergic neuron production in the FoxG1- null animals has 
been reported in the first FoxG1 LOF mutant study (49). This 
could simply reflect the lack of ventral structures in FoxG1 mutants 
through patterning defects. Alternatively, FoxG1 may play roles in 
specifying GABAergic neuronal precursors. In order to test this, we 
performed mosaic FoxG1 LOF experiments using R26- CreER to 
conditionally remove FoxG1 expression by utilizing a floxed- FoxG1 
allele (47). It has been shown that the ligand tamoxifen- mediated 
CreER activation takes place for an approximately 1- d period (66). 
Administration of low doses of tamoxifen at E8.5 induced patches 
of recombination of the conditional FoxG1 allele(s) in control 
(Fig. 2A) and mosaic FoxG1 LOF embryos by E11.5 (Fig. 2B). 
In FoxG1- null cell patches located in the ventral forebrain (Fig. 2 
B and B’), Nkx2- 1 expression was lost, and conversely, Pax6 was 
ectopically expressed (Fig.  2C). This demonstrates that FoxG1 
is required in a cell- autonomous manner to establish Nkx2- 1- 
positive neural progenitors within the Pax6+ neural tube (67). 
Interestingly, when tamoxifen administration was performed 1 d 
later at E9.5, removal of FoxG1 did not affect Nkx2- 1 expression 
in a similar manner and some FoxG1- null cell patches properly 
expressed Nkx2- 1 (Fig. 2 D and D’, arrowhead). This indicates that 
there is a narrow time window during early forebrain development 
where FoxG1 expression is required for the acquisition of ventral 
telencephalic GABAergic identity, but once specified, FoxG1 is not 
required to maintain Nkx2- 1 expression. In order to directly test 
this possibility, we next removed FoxG1 by using the Nkx2- 1BAC- 
Cre driver, which expresses Cre only after the cells have initiated 
Nkx2- 1 expression (Fig. 2 E–L). The Nkx2- 1 BAC transgenic lines 
have been demonstrated to faithfully recapitulate endogenous 
Nkx2- 1 expression in the MGE (Medial Ganglionic Eminence) 
domain, with the exception of the most dorsal regions (12, 68). We 
found that FoxG1- null cells (Fig. 2F, open arrowhead) maintain 
Nkx2- 1 expression (Fig. 2 G and H) and do not ectopically express 
Pax6 (Fig. 2 I and J), unlike the earlier removal (Fig. 2C). We 
further found that the ventrally expressed proneural gene Ascl1/
Mash1 (34, 36) shows no changes in the ventricular zone of these 
territories (Fig. 2 K and L). Altogether, we conclude that while 
FoxG1 is initially cell autonomously required for GABAergic cell 
specification in progenitors, once specified, FoxG1 is not required 
to maintain GABAergic neuronal identity.

FoxG1 Facilitates GABAergic Neuron Entrance into the Cortex 
and Striatum. We next tested whether FoxG1 plays any role in 
the migration of GABAergic neuron precursors once they have 
been specified. For this, we again utilized the Nkx2- 1- Cre driver to 
remove FoxG1 in GABAergic cell precursors (1st phase, Fig. 1O) 
and followed their fate with a tdTomato or an EGFP reporter 
(RCE:loxP). We observed an almost complete failure of FoxG1- 
null cells to migrate into the hippocampus and cortex (Fig. 3 A 
and B), even by birth (Fig. 3 C and D). Since the Nkx2- 1- Cre 
driver spares the LGE- derived GABAergic populations that are 
necessary to support the migration of MGE- derived interneurons 
(14), these data strongly suggest that FoxG1 plays direct roles in 
cortical migration of GABAergic precursors. Consistent with this, 
when we analyzed the expression of Lhx6, a gene downstream of 
Nkx2- 1 and maintained in MGE- derived cortical interneuron 
lineages (Fig. 3E), it was restricted in the ventral domains in the 
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reporter- positive FoxG1 LOF cells (Fig.  3F). Interestingly, the 
ErbB4 receptor, which has been shown to regulate interneuron 
migration (14), was severely down- regulated in these labeled 
FoxG1 LOF cells (Fig. 3 G and H). These results indicate that 
FoxG1 expression is autonomously required in GABAergic 
interneuron precursors to invade cortical territories.

In addition to the loss of cortical GABAergic cells, 
reporter- positive cells fail to form the globus pallidus (GP) struc-
ture in the FoxG1 LOF brain (Fig. 3 C and D, GP). We thus 
analyzed the expression of Nkx2- 1, which rapidly shuts off in 

cortical interneurons but is maintained in ventral lineages (69). 
Indeed, the reporter and Nkx2- 1 double- positive population is 
missing in the FoxG1 mutants (Fig. 3 K and L), suggesting that 
FoxG1 is required for the proper formation of the GP. Consistent 
with this idea, at more anterior regions of the forebrain (Fig. 3 I 
and J), the Nkx2- 1- positive EGFP- expressing population is found 
ectopically located medioventrally to the striatum. In order to test 
whether FoxG1 is generally required for migration through the 
striatum, we performed FoxG1 LOF in the neural progenitors at 
E11.5 by using a Nestin- CreER driver (70) and followed their fate 
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Fig. 2.   FoxG1 is cell autonomously required to establish GABAergic neuronal identity but is not required for its maintenance. (A–D) A cell- autonomous role of FoxG1 
was analyzed by mosaic LOF (schemes on the Top) by combining R26- CreER and conditional FoxG1 alleles and by activating CreER with tamoxifen administration. 
(A and B). Compared to the E11.5 control tissue (A, FoxG1- C/+) and neighboring control cells (B, FoxG1- C/C without homozygous recombination) with FoxG1 
expression (green), LOF cells (no green signals, FoxG1- C/C with recombination) failed to express Nkx2- 1 (B and B’) upon E8.5 tamoxifen administration. In the 
neighboring section of B’, Pax6 expression was complementary to Nkx2- 1 (C), indicating that FoxG1 is cell autonomously required to acquire ventral GABAergic 
identity. When similar mosaic LOF was carried out 1 d later at E9.5, some FoxG1- null cells similarly failed to express Nkx2- 1 (D and D’, open arrowheads), but 
some did not (arrowheads). (E–L) In order to test the roles of FoxG1 in cells which have already expressed Nkx2- 1, Nkx2- 1BAC- Cre- mediated FoxG1 LOF was carried 
out, and adjacent sections were compared (E and F, compare the filled and open arrowheads). In the ventral MGE progenitor domain, no obvious change in 
Nkx2- 1 expression was observed in the FoxG1 LOF territories compared to the control (G and H, arrowheads). Consistent with this notion, Pax6 expression was 
not changed in these domains (I and J, open arrowheads). The proneural gene Ascl1 (Mash1), which shows ventral- specific expression during early telencephalic 
development, is also not changed in the Cre- recombined domains (K and L, arrowheads), although the VZ/SVZ (marked by Ascl1 expression) is thinner in the 
FoxG1 LOF compared to the control due to decreased cell proliferation. Each figure represents the analysis of three brains. Ctx: cortex, HC: hippocampus, Th: 
thalamus, MGE: medial ganglionic eminence. (Scale bars: 200 µm.)
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with an EGFP reporter. Distinct from the EGFP- labeled control 
cells that are intermingled with the medium spiny cells labeled by 
Ctip2 (71), FoxG1 LOF cells are located mostly outside the stri-
atum (Fig. 3 M and N open arrowhead). Taken together, we find 
that FoxG1 facilitates the migration of GABAergic neuronal pre-
cursors into the cortex and the striatum.

FoxG1 Downregulation during Tangential Migration is Required 
for the GABAergic Cell Dispersion into Distant Cortical 
Territories. Interestingly, despite the initial requirement for 
FoxG1 for their entrance into the cortex, GABAergic interneuron 

precursors down- regulate FoxG1 expression during cortical 
tangential migration (Fig.  1 E and E’). To explicitly test the 
importance of this downregulation, we carried out FoxG1 GOF 
during this migration phase by combining the Dlx- Cre driver 
with a conditional transactivator line (R26- stop- tTA) and a 
transactivator- dependent FoxG1 expression allele (TRE- FoxG1) 
(2nd phase, Fig. 1O) (64). At E14.5, the overall migration pattern 
of the reporter- positive cells in the cortex was comparable between 
the control (Fig. 4A) and FoxG1 GOF cells (Fig. 4B). Notably 
by P7, FoxG1 augmentation resulted in a significant decrease in 
the number of labeled GABAergic cells in the hippocampus and 
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hippocampus. FoxG1 GOF was carried out (Dlx- Cre; R26- stop- tTA; TRE- FoxG1), and recombined cells were visualized with tdTomato (Ai9 reporter) during the 2nd 
phase (Left scheme, Fig. 1O) of GABAergic interneuron migration. Control littermates do not carry the TRE- FoxG1 allele. (A and B) No clear difference was observed 
in the E14.5 cortex between control and FoxG1 GOF experiments. (C and D) Distribution of FoxG1 GOF cells was analyzed at P7. Higher- magnification views of 
the white matter (WM) and layer 1 (LI) in C and D are shown in C’ and D’. FoxG1 GOF resulted in reduced interneuron numbers in the hippocampus (HC) and the 
medial cortex (Ctx, asterisk in D). Ectopically located GOF cells were found in the white matter and layer 1, particularly in the lateral part of the cortex (D and 
D’, arrowheads), corresponding to the major tangential migration routes (intermediate and marginal zones, respectively) at earlier time points (C and C’, open 
arrowheads). (E) Comparison of the labeled cell density in the hippocampus (HC), medial (retrosplenial), and lateral (barrel) part of the cortex (n = 3 each). Two- 
tailed t test: P = 0.00272**(HC), P = 0.0379*(medial), and P = 0.0992(lateral). (F) Bulk RNA sequencing analysis of FACS- purified cortical interneurons from five 
control and eight FoxG1 GOF brains revealed 5 increased and 22 decreased genes upon FoxG1 GOF (increased ×3.2) at E18.5. MZ: marginal zone, CP: cortical 
plate, IZ: intermediate zone, SVZ/VZ: subventricular/ventricular zone, WM: white matter, HC: hippocampus. (Scale bars: 50 µm.)
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the medial part of the cortex (Fig. 4 C and D, asterisks), with 
ectopic clusters of GABAergic interneurons stranded along the 
earlier tangential migration routes (Fig.  4C, open arrowheads 
and Fig. 4D, arrowheads). Thus, preventing the downregulation 
of FoxG1 in tangentially migrating GABAergic interneurons 
disrupts their ability to disperse into the hippocampus and medial 
cortical areas (Fig. 4E, bar graphs), with many cells remaining 
within the white matter and layer 1 of the lateral part of the 
cortex (Fig. 4 C’ and D’). These results led us to investigate the 
molecular mechanisms downstream of FoxG1 underlying the 
attenuation in GABAergic tangential migration. We carried out 
RNA sequencing analysis to compare the gene- expression profiles 
of the control and FoxG1 GOF EGFP- labeled cells which were 
FACS (fluorescence- activatedcell sorting) purified from the E18.5 
cortex, prior to overt cell migration alterations (Fig. 4F). First, we 
confirmed the efficacy of our GOF strategy, with FoxG1 mRNA 
levels being 3.2× greater in the Dlx- Cre- labeled cortical cell cohorts 
at E18.5 (Fig.  4F, blue bar). Consistent with the notion that 
FoxG1 mainly functions as a repressor (47, 72), we found more 
significantly down- regulated genes (22) than up- regulated (5). 
Surprisingly, we found many oligodendrocyte precursor genes 
such as Olig1/2, Sox10, Pdgfra, Gpr17, and Cspg4(NG2) (73) to 
be down- regulated in FoxG1 augmented GABAergic cell lineages. 
This suggests that GABAergic and oligodendrocyte precursors, 
both of which migrate dorsally from the ventral forebrain into 
the cortex, share some fundamental genetic programs required 
for tangential dispersion throughout the cortex. We also found 
genes such as JunD1, Lmo1, and Rbp1 to be highly up- regulated 
in FoxG1 GOF cells, suggesting that these genes are normally 
suppressed during tangential migration. Interestingly, in our 
previous microarray analysis comparing control vs. FoxG1 LOF 
pyramidal neuron precursors (47), Lmo1 (×0.48) and Rbp1 (×0.47) 
were found to be decreased. This strongly suggests that these two 
factors have important roles in regulating migration modes in both 
glutamatergic and GABAergic neuron precursors. We conclude 
that, although FoxG1 expression is required for GABAergic 
interneurons to reach the cortex, upon entry, downregulation 
of FoxG1 expression is necessary in order to maintain tangential 
migration into hippocampal and medial cortical territories.

FoxG1 Upregulation during Radial Migration Directs GABAergic 
Interneurons to Specific Cortical Layers. Having observed that 
FoxG1 is robustly up- regulated during the transition from tangential 
to radial migration (Fig. 1O, 3rd phase), we next tested the importance 
of FoxG1 activity specifically during this stage. To this end, we carried 
out FoxG1 LOF in a subset of GABAergic interneurons by using 
the Sst- Cre driver, whose expression commences during tangential 
migration. Approximately 30% of cortical interneurons are Sst- 
positive cells (11, 26), a population primarily located in deeper layers 
and largely excluded from layer 1 (Fig. 5A). Strikingly, FoxG1- null 
Sst cells were distributed to more superficial layers, with a marked 
decrease in layer 6 and concomitant increases in layers 1 to 3 (Fig. 5 B 
and C), including ectopically located interneurons in layer 1 (Fig. 5B, 
arrowhead). These data strongly suggest that FoxG1 reinitiation 
during the transition from tangential to radial migration modes is 
critical for achieving the correct laminar distribution of GABAergic 
interneurons.

To test whether FoxG1 upregulation during radial migration is 
further required for interneuron maturation beyond positioning, 
we analyzed intrinsic firing properties by carrying out whole- cell 
patch clamp in 3- wk- old acute brain slices. Consistent with what 
has been shown (10, 74), the Sst- Cre- labeled control and FoxG1 
LOF cells showed regular-  or low threshold- spiking properties 

(Fig. 5 D and F). Furthermore, control and FoxG1- null cells were 
indistinguishable with regard to frequency (Fig. 5 E, Left) and 
other properties (Fig. 5 F–I) besides the time constant (Fig. 5J). 
Within the FoxG1 LOF interneuron group, we further compared 
ectopically located layer 1 cells to the layer 2/3 interneurons and, 
to our surprise, their intrinsic firing properties were comparable 
(Fig. 5 E, Right and F–J, Lower). This suggests that GABAergic 
interneurons possess an intriguing ability to acquire mature phys-
iological properties even in ectopic laminar locations. In sum, we 
find that precisely regulated up-  and downregulation of FoxG1 
expression in migrating interneuron precursors critically regulates 
the positions of cortical interneurons.

FoxG1 Functions in a Gene Dosage–Dependent Manner in 
Forebrain Patterning. Having found that dynamic changes 
in FoxG1 expression levels critically regulate the allocation of 
GABAergic cortical interneurons, we next investigated whether 
FoxG1 functions in a gene dosage–dependent manner. FOXG1 gene 
dosage has been shown to be critical for human mental health as 
both haploinsufficiency and gene duplication can result in FOXG1 
syndrome, an autism spectrum disorder- related condition. We 
thus developed a genetic strategy to systematically reduce FoxG1 
expression in a stepwise manner through the generation of a 
hypomorphic allelic series. These alleles are the control (homozygous 
for floxed conditional allele), heterozygous (floxed allele/LacZ 
knock- in null), hypomorphic (floxed allele with a Neo cassette 
remaining in downstream 3′UTR/null), and null (floxed allele/Cre 
knock- in null). We first compared FoxG1 +/+ and +/− alleles to 
the floxed- FoxG1 alleles (C/+ and C/−) to confirm that the gene 
targeting has a minimal impact on FoxG1 gene dosage (SI Appendix, 
Supplementary Figure). We found that progressive reduction in 
FoxG1 levels (Fig. 6 A–D, top schematics) results in increasingly 
severe alterations in telencephalic size and morphology at E12.5. 
By comparing the expression of homeodomain transcription factors 
Pax6 (Fig.  6 A–D) and Nkx2- 1 (Fig.  6 A’–D’), we found that 
when FoxG1 levels were reduced by >50%, the Nkx2- 1- positive 
domain, which encompasses the medial ganglionic eminence—the 
primary source of cortical GABAergic interneurons—completely 
disappeared (Fig. 6 B’ and C’). This indicates that there is a critical 
threshold for FoxG1 expression in the establishment of Nkx2- 1 
lineages during early embryonic forebrain patterning and that 
GABAergic lineages are particularly sensitive to FoxG1 gene dosage 
in comparison to pyramidal neurons.

Discussion

In sum, we have demonstrated an intriguing developmental mech-
anism utilized by interneuron precursors for their transition in 
migratory phases. We show that precisely regulated dynamic expres-
sion of FoxG1 during the entire developmental trajectories of 
GABAergic interneurons, from early specification to cortical inva-
sion, areal distribution, and laminar positioning, is essential for the 
proper assembly of cortical inhibitory circuits. Given that even 
relatively subtle changes in its expression can impair the formation 
of both excitatory (47) and inhibitory circuits (this study), it begins 
to be evident why precise regulation of FoxG1 levels and by proxy 
FoxG1 gene dosage is so critical for normal cortical development.

We find that loss of FoxG1 in newly specified GABAergic neu-
ron precursors prevents them from entering into the striatum and 
the cortex (Fig. 3). This is consistent with our previous findings 
of FoxG1- null pyramidal cells failing to enter into the cortical 
plate (47). Our current hypothesis is that without FoxG1, cells are 
not permitted to cross into these territories of the cortex and the 

http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
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located in layer 1 showed low threshold spike (LTS) firing properties. (E) Frequency–current relationships were found to be similar between control (n = 10) and 
FoxG1 LOF (n = 16) Sst interneurons (E, Left). Ectopically located layer 1 (n = 9) and layer 2/3 (n = 7) FoxG1 LOF cells were both indistinguishable from the wild type 
(E, Right). (F–J) Intrinsic firing properties of Sst interneurons were found to be largely unaffected by FoxG1 LOF. (Top) Data comparing control vs. FoxG1 LOF, and 
(Bottom) data comparing layer 1 vs. layer 2/3 FoxG1 LOF interneurons. (F) Intrinsic firing properties of Sst interneurons, which show either LTS or regular spiking 
(RS) features. The proportion of LTS and RS Sst types was similar between control vs. FoxG1 LOF (F, Top) and L1 vs. L2/3 FoxG1 LOF cells (F, Bottom; not significant 
by Chi- square test). While resting membrane potential (RMP, G, Top), input resistance (Ri, H, Top) and voltage sag amplitude in response to a hyperpolarizing 
current injection (−0.2 nA, 1 s) were indistinguishable (I, Top), FoxG1 LOF cells exhibited a longer time constant compared to control Sst interneurons (P < 0.01, 
Welch’s t test) (J, Top). Note that FoxG1 LOF interneurons in layers 1 and 2/3 have similar intrinsic electrophysiological properties (G–J, Bottom). (Scale bars: 50 µm.)
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striatum. This is in contrast to scenarios where the general migra-
tion machinery is attenuated and GABAergic cell numbers are 
reduced in most regions and not specifically excluded from par-
ticular domains (39, 75). In the case of Zeb2 (Zfhx1b, Sip1), this 
gene regulates cortical vs. striatal fate of GABAergic precursors, 
and thus, GABAergic cell migration in the cortex is severely 
reduced, with increased numbers of cells found ectopically in the 
striatum (37, 38). Instead, in our FoxG1 mutant study, GP cells 
maintaining Nkx2- 1 expression are excluded from the striatum 
and ectopically found ventromedially to the striatum. In contrast 
to the use of pan- GABAergic Dlx- Cre line (54), our method uti-
lizing Nkx2- 1- Cre driver spares LGE- derived populations, which 
are required to support interneuron migration from the MGE 
into the cortex (14). Thus, our study reveals the fundamental roles 
of FoxG1 in actively promoting cell migration into distinct fore-
brain territories of the cortex and the striatum.

Pyramidal neuron precursors show tightly regulated transitions 
from a multipolar cell tangential phase into a radial migration phase 
prior to entering into the cortical plate (76–78). Compared to this, 
entrance of interneuron precursors into the cortical plate occurs in 
a rather permissive manner (21). Still, the mechanisms to maintain 
the tangential migration of interneuron precursors above and below 
the cortical plate play essential roles in nascent inhibitory circuit 

formation. The expression of chemokine ligand Cxcl12 both above 
and below the cortical plate facilitates the tangential migration of 
interneuron precursors, which express the receptor Cxcr4/7  
(18, 19, 79). Intriguingly, pyramidal neuron precursors facilitate 
the tangential migration of interneuron precursors by transiently 
expressing Cxcl12 specifically during the multipolar cell phase  
(17, 20). Recently, JNK signaling has been shown to be important 
for the transition from tangential to radial migration of interneuron 
precursors (80). Aside from these overall mechanisms, the migra-
tion of specific subtypes of interneuron precursors is under the 
control of selective genetic programs. Approximately 70% of 
interneurons are derived from the MGE and their transition to 
radial migration is controlled by Sox6, which when mutated, results 
in the relocation of Pvalb- expressing basket cells ectopically into 
layer 1 (43). In CGE (Caudal Ganglionic Eminence)- derived lin-
eages, the Prox1 transcription factor facilitates migration of interneu-
ron precursors from the SVZ/IZ into the cortical plate and marginal 
zone tangential paths (44). Thus, loss of Prox1 displaces CGE- derived 
interneurons which are normally mostly found in the superficial 
layers into deep locations. In contrast to these molecular pathways, 
FoxG1, by dynamically changing its expression levels, coordinates 
the phase transitions of tangential and radial migrations. In a man-
ner distinct from the pan- GABAergic or subtype- specific molecules 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
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required for the migration of interneuron precursors, we find that 
a decrease in FoxG1 levels facilitates tangential migration allowing 
interneuron precursors to reach distant cortical locations, whereas 
an increase in FoxG1 expression facilitates radial migration into 
appropriate laminar locations.

Intriguingly, we observe that FoxG1 expression is consistently 
down- regulated in a diverse set of forebrain neuronal precursors 
specifically during the phase of tangential migration. These pop-
ulations include multipolar pyramidal neuron precursors in the 
intermediate zone (47), Cajal–Retzius cells in the marginal zone 
(48), and GABAergic interneuron precursors in both intermediate 
and marginal zones (this study). Thus, it may be interesting in the 
future to establish a system for monitoring in vivo FoxG1 protein 
levels in migrating interneuron precursors by targeting the FoxG1 
allele to generate a fusion protein with a rapidly maturing fluo-
rescent protein, such as Achilles (81). Considering that failure to 
down- regulate FoxG1 disrupts tangential migration [(47); this 
study], it is tempting to speculate that there is a shared mechanism 
utilized across different cell types within the telencephalon to 
down- regulate FoxG1 specifically during this migration phase. 
Consistent with this idea, we found two genes (Lmo1 and Rbp1) 
that are down- regulated in the pyramidal cell precursors upon 
FoxG1 LOF (47) and are up- regulated in GABAergic precursors 
upon FoxG1 GOF (this study). Thus, it may be interesting in the 
future to test the roles of these genes in cell migration, particularly 
Lmo1, which has been shown to be downstream of Arx (82–84). 
In pyramidal neuron precursors, transient upregulation of Unc5D 
expression during the multipolar cell phase of tangential migration 
through FoxG1 downregulation facilitates cell entrance into the 
cortical plate (47). Indeed, this transition phase plays essential 
roles in the fate determination of pyramidal cells (47, 85). Unc5D 
is not expressed in GABAergic neuron precursors, at least not at 
comparable levels as pyramidal lineages, and thus, it is likely that 
while FoxG1 downregulation is universally required in tangentially 
migrating cortical neuron precursors, FoxG1 regulates distinct sets 
of genes according to the particular cell type.

How does gene dosage affect the functionality of FoxG1- dependent 
processes? Alterations in gene dosage of secreted morphogens/pat-
terning molecules are known to affect early patterning of the brain. 
For example, studies on an allelic series of Fgf8 mutants have 
revealed the dose- dependent function of this gene in forebrain devel-
opment (86). Fgf is a molecule secreted by patterning centers and 
thus reduced dosage results in a spatiotemporal decline in 
Fgf8- mediated signaling and disruption of forebrain arealization. 
Dosage- dependent effects on disease phenotypes have also been 
studied by developing allelic series, e.g., for the genes CHD8 and 
TSC, both of which are implicated in syndromic forms of autism 
spectrum disorder (87, 88). In our recent study, we found that 
FoxG1 protein levels detected by western blotting are reduced to 
approximately half of that of the controls in the heterozygous and 
neuron- specific (Nex- Cre plus Dlx- Cre) conditional heterozygous 
models (64). We find that there is a gene dosage threshold for FoxG1 
and at least one intact copy of this gene is required for the specifi-
cation of ventral GABAergic progenitor domains. It will be inter-
esting in the future to uncover the molecular pathways downstream 
of FoxG1 that are mediating this effect. Together with our previous 
study (47), this work provides a comprehensive picture of how 
dynamic regulation of FoxG1 expression is required during excita-
tory and inhibitory neuron specification, migration, and circuit 
integration. Our findings reveal that relatively subtle changes in 
FoxG1 expression levels during development can impair the forma-
tion of inhibitory circuits and thus illuminate how perturbations 
in FoxG1 regulation could contribute to the etiology of neurode-
velopmental disorders such as schizophrenia and autism.

Materials and Methods

In Vivo Mouse Genetics. All animal handling and experiments were performed 
in accordance with protocols approved by the respective Institutional Animal 
Care and Use Committees of the NYU School of Medicine and Tokyo Women’s 
Medical University. Animal cages are maintained at 22 °C ± 1 °C, 50 ± 15% 
humidity with a 12 h light/dark cycle. A hypomorphic FoxG1 allelic series was 
generated from combinations of the FoxG1 conditional allele (C/+: foxed- FoxG1, 
SI Appendix, Supplementary Figure), FoxG1 conditional allele still harboring a 
Neo cassette (47), LacZ knock- in null allele (49), or Cre knock- in null allele (89). 
GABAergic populations were visualized by combining the Dlx5a- Cre driver (90) 
(Jackson Laboratories stock #008199) with the red- fluorescent protein (tdTo-
mato) reporter line Ai9 (Jackson Laboratories stock #007909) or the R26- CAG- 
loxPstop- EGFP reporter (11, 91) (RCE:loxP; Jackson Laboratories stock #10701). 
For the LOF experiments, males with FoxG1- C/+ and either Nkx2- 1BAC- Cre (68) 
(Jackson Laboratories stock #008661), Sst- IRES- Cre (92) (Jackson Laboratories 
stock #013044) or Nestin- CreER (70) were crossed to FoxG1- C/C; Ai9 homozy-
gous or FoxG1- C/C; RCE:loxP homozygous females. For the GOF experiments 
(64), Dlx5a- Cre; Ai9 homozygous males were crossed to R26- stop- tTA homozy-
gous (93) (Jackson Laboratories stock #008600); TRE- FoxG1 heterozygous (94) 
females. The TRE- FoxG1 allele contains an IRES- LacZ cassette downstream of the 
FoxG1 coding sequence, and thus, the corresponding FoxG1 GOF population 
can be visualized based on X- gal staining or by using anti- beta- galactosidase 
immunohistochemistry.

Tissue Preparation and Immunohistochemistry. Detailed procedures for 
tissue preparation and immunohistochemistry are provided in SI Appendix. All 
of the fluorescent images were captured with a Zeiss AxioScope.A1 (Carl Zeiss) by 
using a cooled- CCD camera (Princeton Scientific Instruments) with Metamorph 
software (Universal Imaging, Downingtown, Pennsylvania) or by using a QSI 
RS 6.1s cooled- CCD camera (2,758 × 2,208 pixels, QSI) with micromanager 
(open source software). In order to facilitate the visualization of gene expression, 
acquired images were inverted in Adobe Photoshop and subsequently combined 
to generate the figures. For example, tdTomato fluorescent images were placed 
into both the green and blue channels of the RGB format file, and then, all color 
channels were simultaneously inverted to generate a figure with red signals in 
the white background. For a multicolor presentation, layers including different 
color signals were assembled by using the function of multiply layers.

Areal and Layer Analysis of Cortical Interneuron Distribution. For the P7 
FoxG1 GOF analysis, pictures were taken from three representative hemispheric 
fields of control and GOF sections. Image acquisition was carried out with the 
×2.5 lens. Using Adobe Photoshop, the DAPI channel was placed in a different 
picture layer, areal borders of the hippocampus and medial and lateral cortex were 
drawn using the pen tool based on the DAPI signal, and then, the DAPI layer was 
made invisible. Cell numbers were tabulated for each specific area. At the end of 
the cell counting, the total pixel numbers of the counted area were analyzed and 
then converted to surface area (313.6k pixels = 1 mm2). Cell numbers for each 
area were converted to cell density (cells/1 mm2) for each section, and the values 
from the three fields were averaged and final results were shown as the average 
± SEM. Similar analysis was carried out for the P7 Sst- Cre- mediated FoxG1 LOF 
experiments, using layer borders drawn based on DAPI signals to determine the 
fluorescently labeled cell numbers within each specific layer.

RNA Sequencing Analysis. For the comparison of genes selectively expressed 
in GABAergic neuron precursors upon FoxG1 GOF, we compared Dlx5a- Cre; 
RCE:loxP; R26- stop- tTA embryos with (GOF) or without (control) TRE- FoxG1 
at E18.5. Detailed procedures for tissue dissociation to obtain single cells  
(44, 47, 64) are provided in SI Appendix. These collected cells were subjected to 
FACS (Aria cell sorter, Becton Dickinson), and EGFP- positive cells were collected 
into numbered tubes containing 250 µL of ice- cold HBSS. Immediately after 
collecting the cells, 250 µL of Trizol reagent (15596026, Invitrogen, Thermo 
Fisher) was added into the tube. Cell numbers were typically between 15,000 
and 30,000 cells/brain. These tubes were vortexed and then stored at –80 °C. 
After genotyping, samples were combined for each genotype resulting in control 
(114,200 cells) and FoxG1 GOF (148,700 cells) solution and kept at –80 °C. These 
samples were shipped on dry ice, and further mRNA extraction and subsequent 
sequencing were performed at the GENEWIZ Japan corporation in Saitama.

http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317783121#supplementary-materials
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Total reads/mapped for the five control and eight FoxG1 GOF brains were 
50,716,404/46,347,154 and 60,397,698/56,014,194, respectively. The results 
from cuffdiff analysis were further analyzed to determine genes with significant 
differential expression according to the criteria of fold change greater than 2 
and FDR less than 0.05. The number of up-  and down- regulated genes in the 
FoxG1 GOF is 15 and 25, respectively. We excluded the candidate genes with 
zero values for FPKM in either control or FoxG1 GOF resulting in 7 up-  and 22 
down- regulated genes in the FoxG1 GOF. All of the values of these genes are 
shown in Fig. 4F.

In Vitro Electrophysiological Recordings. Detailed procedures for whole- cell 
patch in postnatal 3- wk animals are provided in SI Appendix. Recordings were 
amplified with a Multiclamp 700A amplifier (Molecular Devices, LLC, Sunnyvale, 
CA), digitized at 10 kHz using a Digidata 1322A apparatus (Molecular Devices, 
LLC), and collected with pClamp 8.2 software (Molecular Devices, LLC). Statistical 
analyses were performed as follows using GraphPad Prism 7.05 software 
(GraphPad Software, San Diego, CA): Two- way ANOVA and post hoc Tukey’s test 
were used for comparisons of current–frequency relationships; Welch’s t test was 
used for two- group comparisons; and the chi- square test was used for comparison 
of firing type composition.

Data, Materials, and Software Availability. All unique materials used here are 
readily available from the authors or from Jackson Labs (mouse lines). RNA- seq 
data are deposited in the NIH SRA database under experiment accession number 
PRJNA1072317, with IDs SRX23547063 and SRX23547064 RNA- Seq (95).
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