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and abnormalities in the TRN may cause behavioral deficits 
in individuals with autism, attention deficit hyperactivity 
disorder (ADHD), and schizophrenia [2, 3, 11]. Despite the 
functional importance of the TRN, few studies have inves-
tigated the molecular mechanisms underlying the develop-
ment of the TRN with regard to neuronal differentiation and 
connectivity during embryogenesis.

The positioning of the TRN between the thalamus and 
telencephalon is crucial to an important aspect of its prin-
cipal function. The TRN surrounds most of the rostrolateral 
surface of the thalamus and originates in proliferating pro-
genitor cells in the alar plate of the third prosomere (p3), a 
diencephalic segment, which gives rise to the prethalamus 
[12]. Although the TRN shares a common developmen-
tal origin with other prethalamic nuclei, such as the zona 
incerta (ZI) and the ventral lateral geniculate nucleus (vLG), 
it acquires different functions and connectivity from the 
remainder of the prethalamus, which constitutes widespread 
connectivity in the forebrain, midbrain, and hindbrain 
[13–15]. During the patterning phase of the diencephalon, 
prethalamic formation is influenced by dorsoventral interac-
tions of Wnts and Shh [16–18] and by anteroposterior inter-
actions of Six3, Fezf, Irx, and Otx [19–22]. Inactivation of 

Introduction

Mounting evidence points to a disruption of functional 
connectivity between the cerebral cortex and thalamus in 
the pathogenesis of psychiatric disorders, including autism 
spectrum disorder, bipolar disorder, major depressive disor-
der, and schizophrenia [1–4]. In this context, the thalamic 
reticular nucleus (TRN) is particularly noteworthy because 
it influences cortico-thalamic and thalamo-cortical com-
munications [5]. The TRN consists of GABAergic neurons 
and functions as an ideal hub, as all of the axons connect-
ing the cortex and thalamus pass through the TRN, which 
receives excitatory inputs from cortico-thalamic and thal-
amo-cortical neurons and sends inhibitory outputs to the 
thalamus [6]. The TRN plays important roles in regulating 
sensory attention, sleep, arousal, and cognition [5, 7–10], 
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The thalamic reticular nucleus (TRN) is an anatomical and functional hub that modulates the flow of information between 
the cerebral cortex and thalamus, and its dysfunction has been linked to sensory disturbance and multiple behavioral dis-
orders. Therefore, understanding how TRN neurons differentiate and establish connectivity is crucial to clarify the basics 
of TRN functions. Here, we showed that the regulatory cascade of the transcription factors Ascl1 and Isl1 promotes the 
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of thalamo-cortical axons in the thalamus. Finally, forced Isl1 expression can rescue disruption of cell fate specification 
and prethalamo-thalamic projections in in vitro primary cultures of Ascl1-deficient TRN neurons, indicating that Isl1 is 
an essential mediator of Ascl1 function in TRN development. Together, our findings provide insights into the molecular 
mechanisms for TRN neuron differentiation and circuit formation.
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Olig2 leads to reduced prethalamus and a change in the fate 
of Olig2+ prethalamus to rostrally adjacent thalamic emi-
nence [23]. Unlike well-studied brain structures such as the 
cortex and thalamus, little is known about how individual 
progenitor cells differentiate to populate distinct prethalamic 
nuclei, how the prethalamic nuclear identity is established, 
and how prethalamic nuclei undergo further functional dif-
ferentiation, including axon projection.

In this study, we present evidence that the transcriptional 
cascade of the Ascl1 and Isl1 transcription factors orches-
trates cell fate specification and axonal circuit formation 
in the TRN. The LIM homeobox gene Isl1 is necessary for 
motor neuron and interneuron differentiation in the neural 
tube [24] and for retinal ganglion cell differentiation [25]. 
Isl1 is indispensable for melanocortin neuron cell fate and 
for estrogen receptor-α expression [26, 27]. In the telenceph-
alon, Isl1 plays crucial roles in the formation of the striato-
nigral pathway [28–30]. The proneural bHLH factor Ascl1 
influences various developmental processes, including cell 
fate specification, differentiation and migration [31]. Ascl1 
plays important roles in conferring neuronal identity in the 
spinal cord [32, 33], hypothalamus [34], and telencephalon 
[35, 36]. A previous study demonstrated that loss of Ascl1 
results in defective pathfinding of thalamo-cortical axons 
(TCAs) accompanied by defective differentiation of brain 
regions that lie along the TCA pathway [37]. Herein, we 
focused on the TRN and examined whether the Ascl1 and 
Isl1 transcription factors influence prethalamus subdomain-
specific cell fate decisions and axon circuitry during embry-
onic development.

Results

Isl1 is required for promoting TRN cell identity and 
repressing non-TRN prethalamic cell fates in the TRN

To explore whether Isl1 is required for prethalamic differ-
entiation, we conditionally inactivated Isl1 expression by 
crossing an Isl1F/F mouse line, in which the homeodomain 
(exon 4) is flanked by loxP sites [38], with a Dlx5/6-Cre 
mouse line that drives Cre-mediated recombination in the 
ventral forebrain [39]. During embryogenesis, Isl1 is prin-
cipally expressed in the TRN, a prethalamic derivative (Fig. 
S1A-C). In Dlx5/6-Cre; Isl1F/F embryos, Isl1 staining was 
almost completely lost in the prethalamus as well as in 
other forebrain regions (Fig. S1D-F). We first analyzed the 
effects of Isl1 loss on prethalamic differentiation by staining 
for Hes5 and Sox2, which mark proliferative progenitors, 
as well as for the postmitotic neuronal markers Elavl3/4 
(HuC/D). At E12.5, Hes5/Sox2 and HuC/D, which exhibit 
mutually exclusive expression, were similarly expressed 

in control (Dlx5/6-Cre; Isl1F/+) and Isl1-deficient embryos 
(Fig. S2A-D). We next examined early patterning in the 
conditional mutants by analyzing the distribution of Ascl1, 
Gsx1/2, Helt, Olig2, and Nkx2.2, which are specifically 
expressed in prethalamic progenitors. None of these mark-
ers were significantly altered in Dlx5/6-Cre; Isl1F/F embryos 
compared to control littermates (Fig. S2E-J).

Prethalamic progenitors differentiate and populate into 
heterogeneous nuclear groups, including the TRN, zona 
incerta (ZI), and ventral lateral geniculate nucleus (vLG). At 
E14.5 and E16.5, these three major nuclei can be identified 
by postmitotic regional markers [40, 41]. The TRN consists 
of a sheet of cells surrounded by the rostral ZI (rZI), vLG 
and zona limitans intrathalamica (zli) and can be identified 
by staining for Dlx1 and Meis2 (Fig. 1A2,B2,C2,D2). Dlx1 
was also expressed in the rZI, vLG, and zli (Fig. 1A2, B2), 
while Meis2 was mainly detected in the TRN (Fig.  1C2, 
D2). Arx, Pax6, and Lhx1/5 were expressed in the rZI and 
vLG at distinct levels (Fig.  1E2, F2, G2, H2, I2, J2, K2, 
L2). Arx and Lhx1/5 were also detected in the zli, and Pax6 
expression was observed in the rostral half of the zli [40–42] 
(Fig. 1E2, F2, G2, H2, I2, J2, K2, L2). In contrast, the TRN 
does not express Arx, Pax6, or Lhx1/5 at detectable levels 
(Fig. 1E2, F2, G2, H2, I2, J2, K2, L2; Fig. S3). In the absence 
of Isl1, compared with that in controls, Dlx1 was similarly 
expressed in the rZI, vLG, and zli, but Dlx1 expression was 
undetectable in the TRN at E14.5 and E16.5 (Fig. 1A4, B4). 
In addition, Meis2 expression was almost completely absent 

Fig. 1  TRN neuronal identity is dependent on Isl1 function. (Top) 
Schematic showing the wild-type anatomy of the prethalamus. (A-
N) In situ hybridization of prethalamic markers on control (Dlx5/6-
Cre; Isl1F/+) and mutant (Dlx5/6-Cre; Isl1F/F) coronal sections. The 
red boxed areas are magnified as indicated. The patterns of gene 
expression in the prethalamus at E14.5 were similar to those at E16.5. 
(A-B)Dlx1 was normally expressed in all prethalamic nuclei, including 
the rZI, TRN, and vLG, as well as the central diencephalic organizer 
zli. Dlx1 expression in the TRN of control embryos was high (A2, 
B2), while Isl1-deficient embryos lost Dlx1 expression specifically in 
the TRN but not in the vLG, rZI or zli (A4, B4). (C-D) Within the 
prethalamus of control embryos, Meis2 expression was limited to the 
TRN (C2, D2). Loss of Isl1 resulted in the abrogation of Meis2 expres-
sion (C4, D4). (E-L)Arx, Pax6, and Lhx1 were normally expressed 
in the rZI, zli, and rostroventral parts of the vLG but were not detect-
able in the TRN. Lhx5 is also weakly expressed in the rZI, zli, and 
vLG but not in the TRN. In the absence of Isl1 function, the expres-
sion of these genes was largely unaffected in the rZI, zli, and vLG but 
was ectopically induced in the TRN. (M, N) A GABAergic neuronal 
marker Gad1 was similarly expressed in control and Isl1 mutants. (O) 
Quantification of in situ hybridization. The pixel intensity values of 
TRN or vLG were grouped and averaged from three different sections 
per embryo. (n = 5 embryos; Student’s t-test; **p < 0.01, ***p < 0.001, 
****p < 0.0001) (P) A schematic diagram indicating that Dlx1+Meis2+ 
TRN cells lose their identity and instead acquire molecular features of 
the remainder of the prethalamus. Cx, cortex; Hyp, hypothalamus; Pt, 
prethalamus; rZI, rostral zona incerta; Th, thalamus; TRN, thalamic 
reticular nucleus; vLG, ventral lateral geniculate nucleus; zli, zona 
limitans intrathalamica. Scale bar, 200 μm
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and instead invaded the hypothalamic region ventrally 
(Fig. 2A12, yellow arrowheads). Moreover, many thalamic 
axons that entered the ventral telencephalon were misrouted 
ventrally at E16.5 (Fig. 2A7-A11, red arrowheads). We also 
observed GFP+ axons in the subplate layer of the cortex, but 
the majority of them stalled at the midpoint of the cortical 
areas (Fig. 2A7-A11, white arrowheads).

As Isl1 expression is also lost in the ventral telenceph-
alon, we next sought to determine the developmental ori-
gin of TCA defects in Isl1-deficient mutants. We therefore 
generated telencephalic-specific inactivation by crossing 
the Isl1F/F allele with the Foxg1-IRES-Cre mouse line, in 
which an IRES-Cre was inserted in the 3’ UTR of the Foxg1 
locus to prevent Foxg1 haploinsufficiency and ectopic Cre 
expression found in the widely used Foxg1-Cre mice [46]. 
In Foxg1-IRES-Cre; Isl1F/F embryos, Isl1 expression was 
completely lost in the telencephalon but remained in other 
brain regions, including the prethalamus (Fig. S4E-H). 
We then crossed the Foxg1-IRES-Cre; Isl1F/F allele with 
the Gbx2GFP allele. In Gbx2GFP; Foxg1-IRES-Cre; Isl1F/F 
embryos, GFP+ NF+ thalamic axons emerging from the 
thalamus converged to form normal TCA bundles as they 
crossed the prethalamus in a pattern similar to those in 
controls (Fig. S5B, D, F, H). In the ventral telencephalon, 
some GFP+ NF+ axons were disorganized and ran ectopi-
cally toward the ventral floor (Fig. S5E-H, arrowheads). 
Thalamic axons that entered the cortex exhibited delayed 

in the TRN of Dlx5/6-Cre; Isl1F/F embryos (Fig. 1C4, D4). 
Concomitantly, the loss of Isl1 function led to the ectopic 
induction of Arx, Pax6 and Lhx1/5 in the TRN (Fig. 1E4, F4, 
G4, H4, I4, J4, K4, L4; Fig. S3), suggesting the derepres-
sion of TRN-depleted genes in the TRN in the absence of 
Isl1. We further examined the mRNA level of Gad1, which 
encodes the GABA synthetic enzyme glutamate decarbox-
ylase. Loss of Isl1 did not result in significant changes in 
Gad1 expression in the prethalamic regions (Fig. 1M4, N4), 
indicating that the prethalamic complex maintains a GAB-
Aergic neurotransmitter phenotype in the absence of Isl1, 
but the neuronal subtype composition in the complex was 
altered. Therefore, these observations demonstrate that Isl1 
is required for the acquisition of TRN identity and for sup-
pressing non-TRN prethalamic neuronal fates in the TRN.

Isl1 is required for normal TCA navigation in the TRN

As the TRN is a diencephalic contingent that TCAs first 
encounter and cross, we considered potentially important 
factors of the TRN in normal TCA projection. Therefore, we 
determined the effect of Isl1 deletion on the progression and 
navigation of thalamic axons as they cross the TRN. To spe-
cifically label TCAs in the developing forebrain, we crossed 
the Dlx5/6-Cre; Isl1F allele with the Gbx2GFP allele, which 
expresses GFP from the Gbx2 locus [43, 44]. We examined 
the distribution of GFP+ TCA in coronal and sagittal sec-
tions through the forebrain in control (Gbx2GFP;Dlx5/6-Cre; 
Isl1F/+) and mutant (Gbx2GFP;Dlx5/6-Cre; Isl1F/F) embryos. 
At E14.5 ~ E16.5, in control embryos, GFP+ thalamic axons 
exiting the thalamus were found to extend rostrally through 
the prethalamus in smooth and parallel arrays of fascicles 
(Fig. 2A4, A5, A6, A13 and Fig. 2B1, B3, B5). In contrast, 
in Isl1 mutant embryos, many thalamic axons fasciculated 
abnormally to form much denser, thicker and more dis-
ordered bundles in the prethalamus (Fig.  2A10, A11, 
A12, A13, red arrows, white asterisks; B2, B4, B6, white 
arrows). TCAs within the thalamus are obscured by the 
intense GFP fluorescence expressed by cell bodies. There-
fore, the TCA projection was also examined by an antibody 
against medium chain neurofilament (NF-M) expressed on 
TCAs [45]. Strikingly, abnormally thick bundles were also 
detected even within the thalamus, and some of the GFP+ 
neurofilament+ (NF+) fibers were disoriented and failed 
to extend rostrally through the prethalamus but instead 
were misrouted caudally into the pretectum (Fig.  2A9, 
white arrows; B2, B4, B6, white arrowheads; C4’, C4” 
white arrowheads). Normally, thalamic axons exiting the 
prethalamus make a sharp turn to avoid the hypothalamus 
and enter the telencephalon (Fig. 2A1-A6). In contrast, in 
Isl1-deficient embryos, some thalamic axons failed to cross 
the boundary between the diencephalon and telencephalon 

Fig. 2  Loss of Isl1 leads to TCA pathfinding defects in the prethala-
mus and thalamus. (A) Immunohistochemistry for GFP on coronal 
sections of control (Gbx2GFP;Dlx5/6-Cre; Isl1F/+) (A1-A6) and mutant 
(Gbx2GFP;Dlx5/6-Cre; Isl1F/F) (A7-A12) embryos at E16.5. The red 
arrows in A10 and A11 indicate abnormal TCA projections in the 
prethalamus of Isl1 mutant embryos. White asterisks in A10, A11, and 
A12 indicate abnormally large bundles of TCAs crossing the prethala-
mus and entering the ventral telencephalon in Isl1 mutants compared 
to controls. GFP+ TCAs misrouted caudally to the habenula (white 
arrows in A9). Red asterisks in A10-A12 mark abnormal fascicula-
tion of TCAs within the thalamus. GFP+ TCAs misrouted ventrally in 
the ventral telencephalon (A7-A11, red arrowheads) and hypothala-
mus (A12, yellow arrowhead). In the cortex, Isl1 mutant TCAs were 
shorter than those of control embryos (A7-A11, white arrowheads). 
(A13) Examples of the measurements taken for the quantification. Yel-
low dashed lines in A4, A5, A10, A11 indicate the position of the lines 
used to quantify the number of GFP+ fluorescent signals crossing the 
prethalamus. (n = 5 embryos; Student’s t-test; *p < 0.001). (B) Double 
immunofluorescence for GFP and NF-M on sagittal sections of control 
and Isl1 mutant embryos at E14.5. Control TCAs extended in parallel 
and oriented ventrolaterally, forming a thin fasciculus in the thalamus 
and prethalamus, including the TRN. In contrast, Isl1 mutant TCAs 
formed an abnormally thick fasciculus and extended randomly in the 
thalamus (white arrowheads) and prethalamus (white arrows). (C) 
Double immunofluorescence for GFP and NF-M on sagittal sections 
of control and Isl1 mutant embryos at E18.5. In the thalamus, GFP+ 
TCAs formed abnormally thick axon bundles orienting randomly and 
misrouting caudally into the pretectum (white arrowheads in C4’,C4”). 
Cx, cerebral cortex; Eth, epithalamus; Hyp, hypothalamus; Prt, pretec-
tum; Pt, prethalamus; Th, thalamus. Scale bars, 200 μm
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and diencephalon, but diencephalic Isl1 may play a more 
significant role in TCA projection.

outgrowth compared to those of controls (Fig. S5B, C, D, 
F, G, H, arrows). Therefore, deletion of telencephalic Isl1 
can cause TCA defects to a lesser extent than loss of Isl1 in 
both the diencephalon and telencephalon. Taken together, 
these results suggest that thalamo-cortical connectivity is 
dependent on the functions of Isl1 from the telencephalon 
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in situ hybridization. In control embryos, Efna5 was largely 
undetectable in the TRN (Fig. 3B1, B7), while we observed 
strong upregulation of Efna5 in Dlx5/6-Cre; Isl1F/F embryos 
(Fig. 3B4, B10). Epha4 and Epha7, which encode the recep-
tors for Efna5, appeared to be unchanged in the absence of 
Isl1 (Fig. 3B2, B3, B5, B6, B8, B9, B11, B12). To examine 
whether ectopic upregulation of Efna5 might affect TCA 
navigation into the prethalamus, thalamic explants were pre-
pared from control (Gbx2GFP;Dlx5/6-Cre; Isl1F/+) or mutant 
embryos (Gbx2GFP;Dlx5/6-Cre; Isl1F/F) and cocultured with 
aggregates of Efna5-expressing cells. When cocultured with 
mock-transfected cells, thalamic explants derived from 

Isl1 represses the expression of Efna5, which inhibits 
thalamic neurite outgrowth

To further understand how defective TRN differentiation 
resulting from Isl1 loss leads to abnormal fasciculation 
and misrouting of TCAs in the prethalamus, we exam-
ined the distribution of axon guidance molecules in the 
developing prethalamus. Quantitative RT-PCR analysis in 
E13.5 prethalamus revealed that Efna5, a member of the 
Eph receptor-interacting ligand family was significantly 
upregulated in Isl1-deficient prethalamus (Fig.  3A). We 
then verified the differential expression of Efna5 by RNA 

Fig. 3  Loss of Isl1 derepresses the expression of Efna5, a repellent 
for TCAs, in the TRN. (A) Differential expression of Efna5 in the 
prethalamus of E13.5 mutant embryos (Dlx5/6-Cre; Isl1F/F) com-
pared with control embryos (Dlx5/6-Cre; Isl1F/+) based on qRT-PCR. 
Prethalamic Efna5 expression was significantly elevated in Isl1 mutant 
embryos (two-way ANOVA with Sidak’s multiple comparison test; 
****p ≤ 0.001). (B) RNA in situ hybridization for Efna5, Epha4, and 
Epha7 on coronal sections of control and Isl1 mutants at E13.5 and 
E14.5. Loss of Isl1 resulted in significant upregulation of Efna5 in the 
TRN (red dashed areas), despite similar staining in other brain regions. 
Scale bar, 200  μm. (B13) Quantification of in situ hybridization. 
The pixel intensity values of TRN were grouped and averaged from 

three different sections per embryo. (n = 3 embryos; Student’s t-test; 
**p < 0.01) (C) Thalamic explants from control (Gbx2GFP;Dlx5/6-
Cre; Isl1F/+) and mutant (Gbx2GFP; Dlx5/6-Cre; Isl1F/F) embryos were 
cocultured with Efna5-expressing cells (outlined by a white dashed 
line). Explants were photographed, and outgrowth from the distal and 
proximal sides of the explants was quantified by GFP fluorescence-
occupied area. The values were averaged from two explants per 
embryo, and the averaged values from three independent experiments 
were plotted. A significant increase in the distal-proximal (D:P) fluo-
rescence ratio was observed in the presence of Efna5-expressing cells 
(two-way ANOVA with Sidak’s multiple comparison test; *p < 0.05). 
Pt, prethalamus; Th, thalamus; TRN, thalamic reticular nucleus
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caudally through the thalamus (Fig.  4B1, arrowheads), 
while we did not observe TCAs entering the prethalamus, 
indicating that PTAs precede TCAs. To assess the spatial 
relationships between these axonal projections within the 
thalamus, we visualized TCAs with NF-M immunofluo-
rescence because after E11.5, GFP+ TCA fibers are masked 
by the bright GFP staining expressed by cell bodies. We 
found that tdTomato+ prethalamic fibers and NF-M+ tha-
lamic fibers exhibited close associations in the thalamus 
(Fig. 4C3, C9). To address whether Isl1 is required for the 
formation of PTAs, we crossed mice carrying the floxed Isl1 
allele and R26-tdTomato with the Dlx5/6-Cre line. Isl1 dele-
tion in the prethalamus caused a profound reduction in the 
number of tdTomato+ axons projecting from the prethala-
mus to the thalamus in E13.5 and E14.5 embryos (Fig. 4C4, 
C10, C13). In the thalamus of control embryos, we observed 
tdTomato+ axons and NF-M+ TCAs in ordered and parallel 
arrays (Fig. 4C2, C3, C8, C9), while NF-M+ TCAs exhib-
ited erroneous and disorganized trajectories in the thalamus 
of Isl1-deficient embryos (Fig.  4C5, C6, C11, C12), sug-
gesting a potential pioneering role of PTAs in guiding tha-
lamic axons.

Isl1 is also expressed in the ventral telencephalon, and 
neurons in the ventral telencephalon project to the thala-
mus [53]. To confirm whether the tdTomato+ axons that 
were lost in Dlx5/6-Cre; Isl1F/F;R26-tdTomato embryos 
originated from the prethalamus, we injected the neuro-
nal tracer Neurovue into the prethalamus of E13.5 control 
and Dlx5/6-Cre; Isl1F/F embryos. Neurovue placed in the 
prethalamus of control embryos successfully labeled axons 
projecting to the thalamus, while we did not observe Neur-
ovue+ axons passing through the thalamus in the absence of 
Isl1 (Fig. 4D). Taken together, these results suggest that Isl1 
regulates correct TCA projections within the thalamus by 
promoting proper formation of PTAs.

Prolonged Isl1 function is required to maintain TRN 
neuron fate

Given that Isl1 expression persists in the TRN during 
late embryogenesis (Fig. S1C), our observations raise the 
intriguing possibility that Isl1 has a continued role in pretha-
lamic development. To address whether the dependency of 
TRN development on Isl1 is temporally regulated, we took 
advantage of a newly generated mouse line that drives Cre-
mediated recombination in the forebrain. This driver relies 
on a Sox2-bound regulatory element (SBR), which was pre-
viously shown to direct the transcription of a reporter gene 
to the telencephalon and diencephalon at late developmen-
tal stages [54]. To determine the efficiency of Cre-mediated 
recombination, SBR-Cre transgenic mice were generated 
and crossed with a R26-tdTomato reporter strain. At E16.5, 

control or mutant embryos grew long neurites (Fig. 3C). In 
contrast, both control and mutant explants exhibited signifi-
cantly shorter neurites when cocultured with Efna5-express-
ing cells (Fig. 3C). These results suggest that Isl1 is required 
to repress the expression of Efna5, which interferes with the 
normal growth of TCA passing through the prethalamus.

Prethalamo-thalamic axons (PTAs) precede TCAs, 
and loss of PTAs by Isl1 inactivation causes the 
pathfinding defects of TCAs in the thalamus

Our findings that abnormal fasciculation and misrouting 
of TCA were also evident within the thalamus itself led us 
to investigate whether Isl1 deletion affected patterning or 
regionalization of the thalamus, although the expression 
pattern of Isl1 does not suggest a role in thalamic develop-
ment. We first analyzed the effects of Isl1 loss on early tha-
lamic differentiation. Hes5, Sox2, Elavl3/4, and Olig2 were 
similarly expressed in control and Isl1-deficient thalamus 
(Fig. S2A-D, I). We next examined the expression profiles 
of a panel of transcription factors whose functions influ-
ence TCA development. Loss of Neurog2 or Lhx2 disrupts 
normal TCA growth and pathfinding [47, 48]. Previous 
genetic studies demonstrated crucial functions of Gbx2 and 
Tcf7l2 in regulating correct TCA guidance [44, 49]. During 
development, we did not observe significant alterations in 
the distribution of these factors in Isl1-deficient thalamus 
(Fig. S6). We also examined the distribution of additional 
postmitotic neuronal markers or axon guidance molecules, 
and none of these markers expression were altered in the 
thalamus of Dlx5/6-Cre; Isl1F/F embryos (Fig. S6). Over-
all, our gene expression analysis indicated that Isl1 deletion 
does not significantly perturb the molecular regionalization 
of the thalamus. Therefore, TCA abnormalities are unlikely 
to result from obvious defects in thalamic development.

Neurons within the prethalamus extend axons to the 
thalamus. These prethalamo-thalamic axons (PTAs) have 
been suggested to act as pioneer axons for TCA navigation 
[50–52]. However, the developmental and spatiotemporal 
relationships between these two axonal projections remain 
largely unknown. We thus investigated whether PTAs are 
involved in correct TCA formation within the thalamus. 
To mark PTAs, we crossed the Dlx5/6-Cre allele with the 
R26-tdTomato mouse line. At E13.5 and E16.5, we observed 
tdTomato+ axons that emerged from the prethalamus and 
extended into the thalamus of Dlx5/6-Cre; R26-tdTomato 
embryos (Fig.  4A). To address the temporal relationships 
between PTAs and TCAs, we simultaneously labeled these 
two axonal pathways by crossing the Gbx2GFP reporter line 
onto the Dlx5/6-Cre; R26-tdTomato mouse line. At E11.5, 
a significant portion of tdTomato+ PTAs emerged from the 
marginal zone of the developing prethalamus and extended 
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(Fig. 6A6, A16). Meis2 expression was greatly reduced in 
the TRN of Ascl1 mutants in a pattern similar to that of 
Isl1- deficient mutants (Fig. 6A7, A17). The narrow band 
corresponding to Arx, Pax6, or Lhx1 expression along the 
zli was mostly missing, and the expression of these genes 
was also lost in the vLG in the absence of Ascl1 (Fig. 6A8, 
A9, A10, A18, A19, A20). In contrast, Arx, Pax6, and Lhx1 
expression was ectopically induced in the TRN of Ascl1KI/KI 
mutants (Fig. 6A8, A9, A10, A18, A19, A20). These data 
suggest that, similar to Isl1, Ascl1 is required to promote 
TRN identity and repress non-TRN prethalamic cell fates 
within the TRN and that unlike Isl1, Ascl1 is also important 
for the differentiation of other prethalamic nuclei.

We next analyzed circuit formation between the prethala-
mus and thalamus. Consistent with previous observations 
[37], NF-M+ thalamic axons formed abnormally thick fas-
cicles and extended randomly in the prethalamus (Fig. 6B3, 
B4). Axonal arrangement was also severely disrupted within 
the thalamus of Ascl1KI/KI mutants. NF-M+ thalamic axons 
formed thin fascicles and were arranged in parallel in the 
control thalamus, whereas those in Ascl1 mutants formed 
thick bundles and crossed each other with abnormal over-
lapping course of axons (Fig. 6B3, B4, arrows). Although 
defective TCAs within the thalamus could be a secondary 
consequence of a total failure in morphological maturation 
of the prethalamus, we assessed the potential importance 
of PTAs in the establishment of thalamocortical connectiv-
ity. We therefore crossed mice carrying the Ascl1 null allele 
and R26-tdTomato with the Dlx5/6-Cre line. Loss of Ascl1 
resulted in a marked reduction in the number of tdTomato+ 
axons projecting from the prethalamus to the thalamus in 
E13.5 and E14.5 embryos (Fig.  6C). When the Neurovue 
tracer was injected into prethalamic regions, Neurovue 
labeling accumulated in the prethalamus of both control and 
mutant embryos, but Neurovue+ axons were not apparent 
in the thalamus of Ascl1 mutants (Fig. 6D), confirming that 
Ascl1 deletion disrupts the formation of axons that project 
from the prethalamus to the thalamus. These results demon-
strate that Ascl1 and Isl1 have a significant degree of over-
lapping regulatory function in prethalamic differentiation 
and circuit formation.

We then investigated the gene regulatory hierarchy 
between Isl1 and Ascl1. In the developing prethalamus, 
Ascl1 expression is restricted to ventricular zone progeni-
tors (Fig. S2E), whereas Isl1 is expressed both in the pro-
genitor and postmitotic regions (Fig. 6E1, E2). When in situ 
hybridization for Isl1 on coronal sections was performed 
with Shh, a zli-specific marker, to locate the affected area 
more precisely, we found that Isl1 expression was lost in 
the prethalamus of Ascl1KI/KI mutant embryos (Fig.  6E3, 
E4). In contrast, Ascl1 expression was largely unaffected in 
the prethalamus of Dlx5/6-Cre; Isl1F/F mutants (Fig. S2E). 

strong tdTomato staining was detected in the developing 
forebrain (Fig. S7A, B, C). This SBR-Cre allele was then 
crossed with Isl1F/F mice to generate conditional mutant 
progeny. Isl1 staining was almost completely lost in the 
prethalamus of SBR-Cre; Isl1F/F embryos at E16.5 (Fig. S7J-
O). Like in the prethalamus of Dlx5/6-Cre; Isl1F/F mutants, 
Dlx1 and Meis2 expression was significantly downregulated 
in the TRN of SBR-Cre; Isl1F/F embryos (Fig. 5G, H, M). 
Moreover, we observed ectopic activation of Arx, Pax6, and 
Lhx1/5 in the TRN of SBR-Cre; Isl1F/F mutants in a pattern 
similar to that of Dlx5/6-Cre; Isl1F/F mutants (Fig. 5I-L, M), 
indicating that Isl1 continues to control TRN identity during 
embryogenesis.

Ascl1 is required for promoting TRN neuron fate and 
PTA outgrowth and regulates Isl1 expression in the 
prethalamus

The TCA pathfinding defects resulting from the loss of 
Ascl1 [37] closely resemble the defects in TCAs caused 
by Isl1 deficiency. Ascl1 mutant embryos exhibit abnormal 
growth and pathfinding of TCAs in the developing forebrain 
[37]. To explore whether these errors are due to the disrup-
tion of prethalamic factors, we analyzed the Ascl1KI allele, 
in which the entire coding region of Ascl1 was replaced with 
GFP [55]. Similar to the phenotype described for Isl1- defi-
cient mutants, the loss of Ascl1 caused severe downregula-
tion of Dlx1 in the TRN of the prethalamus (Fig. 6A6, A16). 
In contrast to the Isl1- deficient mutants, Dlx1 expression 
was also lost in the vLG and zli in the absence of Ascl1 

Fig. 4  Isl1 is required for the formation of prethalamo-thalamic pioneer 
axons. (A) Immunohistochemistry for tdTomato on coronal sections 
of Dlx5/6-Cre; R26-tdTomato embryos at E13.5 and E16.5. Prethal-
amo-thalamic axons (PTAs) labeled by tdTomato extended into the 
thalamus, forming ordered and parallel projections. (B) Costaining for 
tdTomato and GFP on coronal sections of Dlx5/6-Cre; R26-TdTomato; 
Gbx2GFP embryos at E11.5. PTAs labeled with tdTomato extended into 
the thalamus, while GFP+ thalamic axons had yet to enter the prethala-
mus. (C) Costaining for tdTomato and NF-M on coronal sections of 
control (Dlx5/6-Cre; Isl1F/+:R26-tdTomato) and mutant (Dlx5/6-Cre; 
Isl1F/F:R26-tdTomato) embryos at E13.5 and E14.5. Loss of Isl1 
caused a visible reduction in the number of tdTomato+ axons project-
ing from the prethalamus to the thalamus in E13.5 and E14.5 mutant 
embryos. Control NF-M+ thalamic axons formed ordered and parallel 
projections, but mutant NF-M+ thalamic axons aggregated into thick 
bundles that ran laterally. (C13) Examples of the measurements taken 
for the quantification. Yellow dashed lines in C1, C4, C7, C10 indicate 
the position of the lines used to quantify the number of axon bundles 
crossing the thalamus. (two-way ANOVA with Sidak’s multiple com-
parison test; *p < 0.05, **p < 0.01, ***p < 0.001). (D) Implanting the 
chemical tracer Neurovue into the prethalamus of control (Dlx5/6-Cre; 
Isl1F/+) at E13.5 visualized PTA projections across the thalamus. Coro-
nal sections from five independent experiments revealed a defective 
pattern in the outgrowth of PTAs in mutant embryos (Dlx5/6-Cre; 
Isl1F/F) similar to that shown by tdTomato immunohistochemistry 
in Dlx5/6-Cre; Isl1F/F; R26-TdTomato embryos. Pt, prethalamus; Th, 
thalamus. Scale bars: 200 μm
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Isl1−, Dlx1− and Pax6+ immunoreactivity (Fig. 7A, B), indi-
cating TRN cell identity. We next examined neurite out-
growth of neurons in primary cultures from Ascl1KI/+ and 
Ascl1KI/KI embryos using Tuj1, a neuron-specific class III 
beta-tubulin that is widely used to visualize neuronal exten-
sions. We measured the number of neurites, the length of 
the longest neurite, and the total length of neurites to assess 
neurite outgrowth in primary cultures. Consistent with our 
embryo experiments, Ascl1KI/KI primary cultured neurons 
developed fewer neurites than did Ascl1KI/+ neurons at DIV2 
and DIV6 (Fig. 7C, D). The longest neurites and the total 
length of neurites in Ascl1KI/KI neurons were shorter than 
those in Ascl1KI/+ neurons (Fig. 7C, D). To assess the abil-
ity of Isl1 to rescue the TRN phenotypes caused by Ascl1 
deficiency, an Isl1 expression construct was transfected 
into Ascl1KI/KI TRN cells that had been cultured for 1 DIV 
together with a tdTomato reporter expression vector to iden-
tify the transfected cells. After 6 additional days of culture, 

These observations revealed a crucial role for Ascl1 in the 
regulation of Isl1 expression in the prethalamus.

Isl1 is necessary for Ascl1-mediated fate 
specification and neurite outgrowth in in vitro 
cultured prethalamic neurons

The above-described observations led us to ask whether 
Isl1 is an essential component of Ascl1-mediated genetic 
programs that support neuronal fate specification and con-
nectivity of the TRN. To address this question, we estab-
lished primary cell cultures from the prethalamus of E13.5 
Ascl1KI/+ and Ascl1KI/KI embryonic brains. To verify whether 
cultured cells were indeed derived from TRN tissues, cells 
that had been cultured for 2 days in vitro (DIV) were immu-
nostained with Isl1, Dlx1, and Pax6 antibodies. The major-
ity of primary cultured cells from control TRN tissues were 
Isl1+, Dlx1+ and Pax6−, while Ascl1-deficient cells exhibited 

Fig. 5  Isl1 continues to regulate TRN identity during late embryogen-
esis (A-L) In situ hybridization for prethalamic markers on control 
(SBR-Cre; Isl1F/+) and mutant (SBR-Cre; Isl1F/F) coronal sections at 
E16.5. Dlx1 expression in the TRN but not in other prethalamic nuclei 
was lost in Isl1 mutant embryos (G). Meis2 expression, which was 
restricted to the TRN of control embryos, was abrogated in mutant 

embryos (H). Loss of Isl1 resulted in ectopic induction of Arx, Pax6, 
and Lhx1/5 in the TRN (I-L). (M) Quantification of in situ hybrid-
ization. The pixel intensity values of TRN or vLG were grouped and 
averaged from three different sections per embryo (n = 3 embryos; 
Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
Scale bars, 200 μm
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processes by which Isl1 regulates cell types, it has been 
reported that Isl1 controls motor neuron fate specification 
by cooperating with Lhx3 and striatal neuron identity by 
interacting with Lhx8 [56, 57]. Whether the differentiation 
of TRN neurons is dependent on the combined activity of 
Isl1 and other LIM homeodomain proteins requires further 
investigation.

In our study, the loss of Isl1 resulted in abnormal fascicu-
lation and pathfinding of TCAs by disrupting the develop-
ment of structures located on the path of thalamic axons. 
The TRN is thought to be a crucial terrain for axon pro-
jections because all cortico-thalamic and thalamo-cortical 
axons must cross the TRN. How does proper formation of 
the TRN regulated by Isl1 control the normal extension of 
TCAs? It is possible that in the absence of Isl1, TCAs enter-
ing the prethalamus undergo an abrupt change in the expres-
sion levels of TRN-enriched/-depleted genes and encounter 
an abnormal attractive/repulsive environment. Previously, 
similar defects in the pathfinding of TCAs were observed 
in Dlx1/2−/− mutant embryos [58]. Our results showed that 
disruption of TRN development by Isl1 inactivation was 
accompanied by dysregulated expression of the axon guid-
ance molecule Efna5, inhibiting the growth of TCAs pass-
ing through the prethalamus. Efna5, which encodes one of 
the membrane-tethered ligands for EphA receptors, was not 
expressed at detectable levels in the wild-type TRN, while 
loss of Isl1 led to strong upregulation of this gene in the 
TRN. Efna ligands transduce the signaling of EphA recep-
tors, leading primarily to cell repulsion [59]. Previous stud-
ies have demonstrated that Efna5 functions as an inhibitor 
of thalamic axonal growth [60] or serves as a repellent cue 
of thalamic axons [61]. Our observations and those of others 
indicate that normal thalamo-cortical connectivity requires 
the correct expression pattern of Efna5, while the failure to 
regulate Efna5 leads to misprojection of TCAs. It is there-
fore likely that another crucial role of Isl1 is to ensure the 
correct extension of TCAs by promoting appropriate region-
alization of the prethalamus and preventing inappropriate 
expression of the axon guidance molecule.

The current study provides intriguing new perspectives 
on the growth and significance of PTAs extending into the 
thalamus. Another important new finding is that the loss of 
Isl1 resulted in abnormal fasciculation and random orien-
tation of thalamic axons within the thalamus despite that 
Isl1 deletion had no impact on the formation of the thala-
mus. Disrupted neuronal specification in the TRN and 
ectopic expression of the repellent Efna5 in the prethala-
mus do not account for all TCA defects within the thalamus 
because many disordered thick bundles were also detected 
in the caudal thalamus distant from the prethalamus, and 
some of the misrouted fibers extended more caudally into 
the pretectum. It is, therefore, likely that in the absence 

the tdTomato+ cells were evaluated for neuron identity and 
neuritogenesis. Compared with that in mock-transfected 
Ascl1KI/KI cells, the number of Dlx1+ cells in primary cul-
tures of Ascl1KI/KI cells transfected with the Isl1 expression 
construct increased, while the number of Pax6+ cells in Isl1-
transfected cells decreased (Fig. 7E, F). For each Tuj1+ cell, 
the number of neurites was greater in Ascl1-deficient cells 
transfected with the Isl1 expression construct than in mock-
transfected cells (Fig. 7G, H). The longest neurites and the 
total length of neurites in Isl1-transfected Ascl1KI/KI cells 
were longer than those in mock-transfected cells (Fig. 7G, 
H), indicating that Isl1 significantly rescued defective neuri-
togenesis caused by Ascl1 deficiency. Taken together, these 
results suggest that Isl1 is an important mediator of Ascl1 
function in the fate specification and axon formation of in 
vitro-derived TRN neurons.

Discussion

Our study demonstrated the key roles of the Ascl1-Isl1 regu-
latory cascade in orchestrating TRN neuronal fate specifica-
tion and connectivity. A set of TRN-enriched genes, such 
as Dlx1 and Meis2, was specifically downregulated in Isl1-
deficient TRN, while the loss of Isl1 did not influence Dlx1 
expression in other prethalamic nuclei. The importance 
of Isl1 in the determination of TRN neuronal identity was 
further evidenced by the concomitant induction of a set of 
TRN-depleted genes, such as Arx, Pax6, and Lhx1/5, in Isl1-
deficient TRN. This coordinated regulation by Isl1 impli-
cates a central role in determining the cell fate of the TRN. 
Given that the Gad1 expression pattern was unaltered in the 
entire prethalamus in the absence of Isl1, the downregu-
lation of TRN-enriched genes and upregulation of TRN-
depleted genes were not due to deprivation of TRN tissue. 
Therefore, these findings indicate that the role of Isl1 in the 
developing prethalamus is likely to specify the fate of TRN 
cells by promoting TRN-enriched genes and suppressing 
TRN-depleted genes. Conditional deletion of Isl1 at the late 
developmental stage caused similar phenotypes, indicating 
that TRN cells continue to depend on Isl1 for their normal 
differentiation during late gestation. Embryonic inactiva-
tion of Isl1 causes abnormalities in the formation of TRN at 
adult stages, as demonstrated by reduced Meis2 expression 
[28]. Previous studies demonstrated critical roles for Isl1 in 
specifying striatal neurons in the ventral telencephalon [28, 
29]. Loss of Isl1 led to the downregulation of striatonigral 
genes and concomitant upregulation of striatopallidal genes, 
while forced expression of Isl1 repressed the striatopal-
lidal genetic program, indicating that Isl1 plays dual roles 
by promoting striatonigral neuron identity and repressing 
striatopallidal neuron identity. With respect to the molecular 
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additional factors underlying the phenotypes. It has been 
suggested that prethalamic nuclei, including the TRN, con-
tain a population of cells that extend axons to the thalamus 

of Isl1, TCAs might have undergone abnormal fascicula-
tion and pathfinding errors to a certain degree before leav-
ing the thalamus. These results suggest that there must be 
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Our study uncovered striking similarities in the aberrant 
phenotypes of TRN neuron specification between Isl1 and 
Ascl1 mutants. Furthermore, the phenotypes of defective 
prethalamo-thalamic and thalamo-cortical projections in 
Isl1 mutant brains were similar to those observed in Ascl1 
mutant embryos. However, there are some differences in 
the phenotypes between Ascl1 mutant mice and Isl1 mutant 
mice. Loss of Ascl1 disrupted neuronal differentiation in all 
of the prethalamic nuclei, while Isl1 inactivation affected 
the development of the TRN but not the remainder of the 
prethalamus. This finding suggested that TRN neurons are 
very different from other prethalamic neurons. As Ascl1 is 
expressed in the progenitor region along the anteroposte-
rior axis of the prethalamus and has the ability to specify 
neuronal progenitors, it is likely that loss of Ascl1 could 
block the generation of committed neuronal precursors in 
the prethalamus. Previously, in Ascl1 mutant mice, mul-
tiple neurogenesis defects, including defects in the prolif-
eration and neuronal specification of progenitor cells, have 
been observed in the telencephalon, and midbrain [36, 62, 
63]. Notably, we found that Isl1 is functionally required for 
Ascl1-mediated neuronal specification and axonal projec-
tions in in vitro cultured TRN cells. These findings suggest 
that Ascl1 may regulate the distribution of Isl1, which may, 
in turn, affect TRN differentiation. However, the impair-
ments in gene expression and neurite outgrowth in in vitro 
cultured Ascl1-deficient cells could be partially restored 
by forced expression of Isl1, suggesting that the ability of 
Ascl1 to promote TRN differentiation is unlikely to be medi-
ated entirely by Isl1. The question of whether parallel action 
by other transcription factors participates in the regulation 
of TRN development by Ascl1 needs further investigation.

Materials and methods

Mouse lines

The generation of Isl1loxp, Ascl1KI, Dlx5/6-Cre, Foxg1-
IRES-Cre, and R26-tdTomato mice obtained from The Jack-
son Laboratory was described previously [38, 39, 46, 64]. 
All animals used for these experiments were maintained on 
mixed backgrounds. To confirm mating, vaginal plugs were 
checked each morning, and plug dates were considered as 
E0.5.

Production of transgenic mice

The SBR sequence was amplified by PCR with the prim-
ers 5′-​A​T​T​A​G​C​G​G​C​C​G​C​C​C​T​T​T​C​T​T​T​C​T​G​T​C​T​G​C​T​
G​A​T​T​G​C​C-3′ and 5′-​A​T​T​A​G​C​G​G​C​C​G​C​A​T​G​T​T​C​A​A​C​
T​C​C​T​T​G​G​A​A​C​T​T​A​C​C-3’ and cloned into the NotI site 

and function to guide TCA navigation [37, 50–52]. First, we 
found that proper formation of PTAs relies on Isl1 function. 
Second, we determined the relative developmental timing 
between TCAs and PTAs because if PTAs pioneer TCAs, 
PTA outgrowth should precede the extension of TCAs into 
the prethalamus. By simultaneous visualization of thalamic 
and prethalamic axons, we showed that PTAs begin to pen-
etrate thalamic areas before TCAs invade the prethalamus. 
Third, Isl1 mutant mice phenocopy the TCA pathfinding 
defects observed in the prethalmus and thalamus of Ascl1 
mutant embryos [37]. We found that PTAs require Ascl1 
for their normal development and that Isl1 functions down-
stream of Ascl1. Therefore, our data and those of others cor-
roborate a role for PTAs in guiding thalamo-cortical axons. 
However, further work will be required to dissociate the 
impact of PTAs on the pathfinding of TCAs from that of 
axon guidance molecules.

Fig. 6  Ascl1 controls TRN cell fate and PTA outgrowth and is essen-
tial for Isl1 expression in the prethalamus. (A) In situ hybridization 
for prethalamic markers on control (Ascl1KI/+) and mutant (Ascl1KI/KI) 
coronal sections at E14.5 and E16.5. In Ascl1 mutants, Dlx1 expres-
sion was lost in the TRN as well as in the rZI, vLG, and zli (A6, A16). 
Loss of Ascl1 resulted in severe downregulation of Meis2 expression 
in the TRN (A7, A17). Arx, Pax6, or Lhx1 expression in the vLG and 
zli of Ascl1KI/KI mutants was downregulated but ectopically induced in 
the TRN (A8-A10, A18-A20). (A21) Quantification of in situ hybrid-
ization. The pixel intensity values of TRN or vLG were grouped and 
averaged from three different sections per embryo (n = 5 embryos; Stu-
dent’s t-test; **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) Immuno-
histochemistry for NF-M on coronal sections of control (Ascl1KI/+) and 
mutant (Ascl1KI/KI) embryos at E14.5 and E16.5. In control embryos, 
NF-M+ thalamic axons extended in ordered and parallel arrays that 
were less fasciculated in the thalamus and prethalamus (B1,B2) than 
in mutant embryos (B3,B4). Moreover, in Ascl1 mutants, thick NF-M+ 
bundles crossed each other with abnormal overlapping course of axons 
(arrows in B3,B4). (C) Immunohistochemistry for tdTomato on coronal 
sections of control (Dlx5/6-Cre; R26-TdTomato; Ascl1KI/+) and mutant 
(Dlx5/6-Cre; R26-TdTomato; Ascl1KI/KI) embryos at E13.5 and E14.5. 
The control prethalamus formed ordered and parallel tdTomato+ pro-
jections to the thalamus (C1,C3), while very few PTAs were detected 
in the mutant embryos (C2,C4). (C5) Examples of the measurements 
taken for the quantification. Yellow dashed lines in C1-C4 indicate 
the position of the lines used to quantify the number of axon bundles 
crossing the thalamus. (n = 3 embryos; two-way ANOVA with Sidak’s 
multiple comparison test; **p < 0.01, ***p < 0.001, ****p < 0.0001). 
(D) Implanting the chemical tracer Neurovue into the prethalamus of 
control (Ascl1KI/+) and mutant embryos (Ascl1KI/KI) at E13.5. Com-
pared to those in controls (D1), no Neurovue+ PTAs were labeled in 
the thalamus in the absence of Ascl1 (D2). (E) In situ hybridization 
for Isl1 and Shh on control (Ascl1KI/+) and mutant (Ascl1KI/KI) coronal 
sections at E12.5. Shh is a specific marker for the zli. Loss of Ascl1 
abrogated Isl1 expression in the TRN. (E5) Quantification of in situ 
hybridization. The pixel intensity values of TRN were grouped and 
averaged from four different sections per embryo (n = 4 embryos; Stu-
dent’s t-test; ****p < 0.0001).Pt, prethalamus: Hyp, hypothalamus; Pt, 
prethalamus; rZI, rostral zona incerta; Th, thalamus; TRN, thalamic 
reticular nucleus; vLG, ventral lateral geniculate; zli, zona limitans 
intrathalamica. Scale bars, 200 μm
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riboprobe were performed in at least three independent bio-
logical replicates.

To quantify the signal intensity of in situ hybridization, 
after the stained sections were photographed under the same 
illumination conditions, all images were converted to 8-bit 
grayscale using Fiji software [65]. The mean pixel intensity 
of the staining signal was obtained by subtracting the mean 
intensity value of the background region from that of the 
stained region.

Immunostaining

For immunohistochemistry, brains were fixed in 4% parafor-
maldehyde in PBS, pH7.4, for 2 h at 4 °C, immersed in 30% 
sucrose, embedded in OCT compound, and sectioned using 
a cryostat at 25  μm. The cryosections were washed with 
PBS, pH7.4, containing 0.4% Triton X-100 and incubated in 
blocking buffer containing 0.4% Triton X-100, 10% sheep 
serum and 5% Mouse on Mouse (MOM) blocking reagent 
(VectorLabs, MKB-2213-1) in PBS, pH7.4, for 2 h at 4 °C. 
For immunocytochemistry, coverslips containing pretha-
lamic neurons obtained from cell culture were washed with 
PBS, pH7.4, containing 0.1% Triton X-100 and incubated in 
blocking buffer containing 0.4% Triton X-100, 10% sheep 
serum and 5% MOM blocking reagent in PBS, pH7.4, for 
1  h at 4  °C. Sections or coverslips were then incubated 
overnight at 4  °C with the following primary antibodies: 
anti-Tubulin beta III isoform (Millipore, MAB1637, 1:600), 
anti-NF-M (DSHB, 2H3, 1:100), anti-GFP (Abcam ab6673, 
1:500), anti-Isl1 (DSHB, 39.3F7, 1:100), anti-tdTomato 
(SICGEN, AB8181–200, 1:500), anti-Dlx1 (Chemicon, 
AB5724, 1:400) and anti-Pax6 (DSHB, 1:100). Following 
incubation with primary antibodies, sections or coverslips 
were incubated with species-specific secondary antibod-
ies conjugated to Alexa Fluor (Molecular Probes, A11034, 
A11003, A11010, A11029, A11055, A11056; 1:200).

For quantification of number of TCAs, we positioned 
a line across the prethalamus, and generated a GFP inten-
sity profile using Fiji software. Intensity profiles were then 
processed by tracing and quantifying the number of GFP+ 
fluorescent signals crossing the line. For quantification of 
number of PTAs, we positioned three lines across the thala-
mus (1: at the thalamic-prethalamic border; 2: at a caudal 
thalamic region; 3: at the midpoint position between the two 
other lines), and generated a tdTomato intensity profile.

Quantitative reverse transcription PCR

Brains were dissected from Dlx5/6-Cre; Isl1F/+;R26-
tdTomato or Dlx5/6-Cre; Isl1F/F;R26-tdTomato embryos 
at E13.5 and then cut in half along the dorsal and ventral 
midline. Fluorescence by tdTomato expression allowed us 

of an expression construct containing a β-globin minimal 
promoter, the Cre gene, and an SV40 poly(A) signal. The 
resulting plasmid transgene was linearized with SalI for 
microinjection as previously described [54]. Stable trans-
genic mouse lines were generated by pronuclear injection 
into fertilized eggs derived from the FVBN mouse strain.

Section in situ hybridization

The pairs of PCR primer sequences used to generate tem-
plate DNA for in vitro transcription by T7 RNA polymerase 
were obtained from the Allen Brain Atlas or designed against 
unique regions of transcripts to avoid cross-reactivity (Sup-
plementary Table 1). Embryonic brains were collected from 
timed pregnant females. Section in situ hybridization were 
performed as described previously [49]. The brains were 
fixed overnight in 4% paraformaldehyde at 4  °C, washed 
three times in PBS, pH7.4, submerged in 30% sucrose in 
PBS, pH7.4, at 4 °C, embedded in optimal cutting tempera-
ture embedding medium (OCT), quickly frozen on dry ice 
and cryosectioned at 25  μm. Experiments for any given 

Fig. 7  Ascl1 requires Isl1 to promote TRN neuronal specification and 
neurite outgrowth in cultured neurons. (A, B) Isolation and primary cul-
ture of TRN cells from E13.5 control (Ascl1KI/+) and Ascl1KI/KI mutant 
embryonic brains. TRN cells were cultured on coverslips coated with 
L-ornithine and laminin in 24-well plates. TRN cell identity was veri-
fied by immunocytochemistry of DIV2 cells using antibodies against 
Isl1, Dlx1 and Pax6. Consistent with the gene expression profiles of 
the embryos, most of the control cultured cells derived from Ascl1KI/+ 
TRN were Isl1+, Dlx1+, and Pax6−, while many of the Ascl1KI/KI cells 
were Isl1−, Dlx1−, and Pax6+. A total of 100 DAPI+ cells were quanti-
fied for each field, and three measurements were averaged for each 
coverslip. The average values from six coverslips prepared from three 
embryos were plotted for each genotype (Student’s t-test; **p ≤ 0.01). 
(C, D) Tuj1 immunostaining was performed at DIV2 and DIV6 to 
determine the number of neurites, the length of the longest neurite, and 
the total length of neurites. Quantification of the number of neurites, 
length of the longest neurite, and total length of neurites were achieved 
from 20 neurons for each field, and three measurements were averaged 
for each coverslip. The average values from ten coverslips prepared 
from five embryos were plotted for each genotype (two-way ANOVA 
with Sidak’s multiple comparison test; **p < 0.01, ****p < 0.0001). 
(E-H) TRN cells isolated from Ascl1KI/KI mutant E13.5 brains were 
cultured for 1 DIV and transfected with an Isl1 expression construct 
(pCMV-Isl1) or an empty vector (pCMV). The reporter expression vec-
tor (pCMV-tdTomato) was cotransfected to identify the transfected 
cells. (E, F) Quantification was achieved from transfected Ascl1KI/KI 
mutant cells cultured for 5 additional DIV by counting Dlx1+ or Pax6+ 
cells among 100 tdTomato+ cells for each field. Three measurements 
were averaged for each coverslip, and the average values from eight 
coverslips prepared from four embryos were plotted for each genotype 
(Student’s t-test; **p < 0.01). (G, H) The number of neurites, length of 
the longest neurite, and total length of neurites were measured for each 
tdTomato+ neuron cultured for 5 additional DIV following transfec-
tion. Quantification was achieved from 20 tdTomato+- transfected cells 
for each field. Three measurements were averaged for each coverslip, 
and the average values from ten coverslips prepared from five embryos 
were plotted for each genotype (Student’s t-test; *p < 0.05, **p ≤ 0.01)
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Scientific), 1% FBS (Gibco), 200 µM L-glutamine (Thermo 
Fisher Scientific) and 200 µM ascorbic acid. The tissue was 
resuspended in 1 ml of dissociation medium and triturated 
to obtain single cell suspension. After the cells were spun 
at 200 × g, the cell pellet was resuspended in the dissocia-
tion medium. The number of dissociated cells and the ratio 
of viable to damaged cells were determined by Trypan 
blue staining using a hemocytometer. The cell suspension 
was transferred on top of 12  mm coverslips coated with 
20 µg/ml poly-L-ornithine (Sigma) and 10 µg/ml laminin 
(Thermo Fisher Scientific) (100,000 cells per coverslip). 
After 1 h of incubation in a humidified tissue culture incu-
bator at 37 °C with 5% CO2, the coverslips were carefully 
transferred into 24-well plates containing the dissociation 
medium. Transient transfection was performed at DIV1. 
The transfected plasmids (0.3 µg) consisted of a mixture of 
0.1 µg of pCMV-tdTomato (a gift from Davidson M, Sha-
ner N, and Tsien R; Addgene plasmid #54642) [67] + 0.2 µg 
of pCMV-Isl1 (Sino Biological plasmid #MG56983-UT). 
Mock transfection (0.3 µg) consisted of 0.1 µg of pCMV-
tdTomato + 0.2  µg of pCMV empty vector. For individual 
wells in 24-well plates, a total of 0.3 µg of DNA was diluted 
in 25 µl of Opti-MEM reduced serum medium (Gibco), and 
2.5  µl of Lipofectamine 2000 (Invitrogen) was diluted in 
25 µl of Opti-MEM in a separate tube. The diluted DNA-
Lipofectamine mixture was incubated at RT for 20 min and 
applied to Ascl1KI/KI cells.

Measurement of neurite outgrowth

For quantitation of neurite outgrowth, images of stained cul-
tures were captured using a Leica DMI6000B digital cam-
era (Leica Microsystems), and the number of neurites, the 
length of the longest neurite and the total length of neurites 
were scored from the images captured by using the neu-
rite tracer plugin in ImageJ [68]. Images are optimized to 
reduce artifacts, subtract background staining, and enhance 
contrast. Following optimization, images were thresholded 
and skeletonized, and then neurite length was measured by 
tracing down Tuj1 staining from the edge of the cell body to 
the furthest point. Such measurements were carried out for 
every neurite of each neuron.

Statistical analysis

All the mutant phenotypes we observed in the Dlx5/6-Cre; 
Isl1F/F, Foxg1-IRES-Cre; Isl1F/F, SBR-Cre; Isl1F/F, and 
Ascl1KI/KI mice were fully penetrant. The number of inde-
pendent values in each experiment is as follows: Fig. 1, five 
independent biological replicates (n = 5) were used for RNA 
in situ hybridization; Fig. 2, n = 5 for immunohistochemis-
try; Fig. 3, n = 3 for real-time RT-PCR, n = 3 for ISH, n = 3 

to distinguish prethalamic tissues from surrounding tissues. 
After prethalamic tissues from the two halves of the same 
embryo were harvested in TRIzol Reagent (Invitrogen), 
total RNA was isolated using an RNeasy Mini kit (Qiagen) 
and used to prepare cDNA using a SuperScriptIII first-
strand synthesis system (Invitrogen). Quantitative PCR was 
carried out in duplicate for each RNA sample using Quanti-
Tect SYBR Green Supermix (Qiagen) following the manu-
facturers’ instructions. The reactions were monitored using 
an Mx4000 multiplex quantitative PCR system (Stratagene, 
La Jolla, CA). The housekeeping gene β-actin was used for 
normalization, and relative quantification was calculated 
using comparative threshold cycle values for three biologi-
cal replicates. All primers used are listed in Supplementary 
Table 1.

Explant culture

Dissection and explant culture were carried out as described 
previously [44, 66]. Thalamic explants were isolated 
from E13.5 Dlx5/6-Cre; Gbx2GFP; Isl1F/+ or Dlx5/6-Cre; 
Gbx2GFP; Isl1F/F embryos. Hanging drops of 293T cells 
transfected with pCMV alone or pCMV-Efna5 were embed-
ded in basement membrane matrices (Corning Matri-
gel). Thalamic explants were positioned approximately 
200–400  μm from the transfected 293T cell aggregates 
and cocultured in Neurobasal medium (Thermofisher) con-
taining B-27 supplements (Invitrogen) and 1% penicillin/
streptomycin. After 48 h, the cultures were fixed in 4% para-
formaldehyde in PBS, pH7.4, for 30 min at 4  °C. Assays 
for axon outgrowth were quantified by measuring the area 
of fluorescence associated with GFP+-axons extending from 
the distal or proximal sides of the explant with respect to the 
cell aggregate as described previously [66].

Primary neuron cultures and transfection

Embryonic brains were dissected from the Ascl1KI mouse 
line at E13.5 in 3 cm sterile Petri dish containing ice cold dis-
section medium, consisting of Hanks’ balanced salt solution 
(HBSS) (Gibco), 20 mM D-glucose (Sigma), 200 µM ascor-
bic acid (Sigma), and 100 units/ml penicillin/streptomycin 
(Gibco) and then cut in half along the dorsal and ventral 
midline. GFP fluorescence, which labels Ascl1-expressing 
cells, allowed us to locate and dissect TRN tissues. TRN 
tissues were collected in a 1.5 ml sterile tube, and digested 
with StemPro Accutase Cell Dissociation reagent (Thermo 
Fisher Scientific) for 10–20  min at 37  °C. The digestion 
was stopped by removing the supernatant and washing the 
tissue with dissociation medium consisting of Neurobasal 
medium (Invitrogen), 2% B-27 supplement (Thermo Fisher 
Scientific), 2% B-27 supplement Plus (Thermo Fisher 
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