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One subtype of interneurons, classified by their neurochemical properties, are somatostatin-positive 
(SST+) interneurons, which express somatostatin along with GABA and form synapses with both 
pyramidal neurons and other interneurons. SST+ interneurons originate in the medial ganglionic 
eminence and migrate tangentially to the cortex, making them potentially vulnerable to gene 
mutations linked to neuronal migration disorders. The Lis1 gene (Pafah1b1) regulates dynein-
mediated motility, mitosis, and microtubule organization. Mutations in Lis1 are associated with 
lissencephaly and cortical disorganization. To investigate its role, we developed a mouse model with 
Lis1 deletion specifically in SST+ interneurons. We studied the anatomical and developmental effects 
of this deletion, focusing on tangential migration during embryonic and early postnatal stages. We 
analyzed SST+ interneuron numbers in the cingulate cortex (anterior and retrosplenial regions) of 
young mutant mice (P30). Our findings show a reduction in SST+ interneurons in mutants compared to 
controls, indicating impaired migration and/or maturation. Further research is needed to uncover the 
mechanisms behind this reduction and to determine its functional implications.
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The mutation in the platelet-activating factor acetyl hydrolase IB subunit alpha (Pafah1b1; also known as 
Lissecephaly-1 or Lis1) is directly linked to lissencephaly type I 1. Lissencephaly (“smooth brain”) presents as 
a severe condition with highly disabling symptoms such as mental retardation, epilepsy or premature death, 
characterized primarily by the absence of cortical folds. LIS1 protein is involved in several basic cellular 
functions such as mitosis, nuclear position, microtubule regulation and neuronal migration, achieved through 
its interactions with a different array of proteins2. Analysis of heterozygous brains carrying the null allele 
(Lis1+/-) revealed significant observations, notably delays in neuronal migration, cortical and hippocampal 
disorganization, as well as deficits in spatial learning and epilepsy3–8. Another approach to investigate the effects 
of Lis1 mutation involved the generation of a mutant allele (sLis1) that yields a truncated LIS1 protein incapable 
of dimerization9,10. sLis/Lis1 mutant mice exhibit delays in the cortical plate formation and in the thalamocortical 
axons development, along with alterations in the septohippocampal projection development, slower migration, 
aberrant neuronal morphology and reduced interneuron numbers in anterior cingulate area, and a disbalance in 
cellular activation, as evidenced by c-fos expression9–12.

Cortical GABAergic interneurons are essential for the establishment of balanced neocortical circuits 
and originate predominantly from the ventral telencephalic ganglionic eminences during embryonic 
development13–15. Among these populations, somatostatin-expressing (SST+) interneurons arise mainly from 
the medial ganglionic eminence (MGE) in a tightly regulated temporal sequence16,17. This birthdate dictates their 
final laminar position and subtype identity: while early-born SST+ cohorts (generated around E12.5-E13.5 in the 
mouse) primarily populate the deep cortical layers (V–VI), late-born cohorts (generated around E15.5-E16.5) 
are destined for superficial layers (II–III) and preferentially acquire a Calb2 + Martinotti cell identity16,18,19. To 
reach their cortical destinations, SST+ interneurons migrate tangentially via two main streams: a deep route 
within the subventricular/intermediate zones (SVZ/IZ) and a superficial route along the marginal zone (MZ)20. 
Crucially, the choice of migratory stream is linked to cellular fate; specifically, migration through the MZ acts as 
a critical corridor for the dispersion and specification of the late-born, prospective Martinotti population19,21. 
Finally, these cells switch to radial migration to settle in the cortical plate. Disruption of these migratory 
mechanisms compromises interneuron positioning and survival, ultimately impairing cortical circuit assembly 
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and function22. In contrast to MGE-derived populations, the Caudal Ganglionic Eminence (CGE) generates a 
distinct cohort of interneurons, primarily VIP + and Reelin+ subtypes, which migrate later and preferentially 
populate the superficial cortical layers23.

Somatostatin-expressing (SST+) interneurons represent a subtype of interneuron based on neurochemical 
classification24,25. SST+ interneurons mainly target the dendrites of pyramidal cells, modulating brain excitability 
throughout presynaptic mechanisms26,27. Notably, somatostatin systems play a crucial role in regulating sensory 
and cognitive functions, with a decrease in somatostatin expression linked to several neurodegenerative 
diseases such as Alzheimer’s and Parkinson’s diseases28. In neurological disorders, the cingulate cortex appears 
particularly vulnerable to the specific loss of SST+ interneurons, leading to dysfunctions of GABAergic 
signaling29–31. The cingulate cortex, situated around the corpus callosum, encompasses a cortical strip that can 
be further subdivided into various structurally and functionally distinct regions32,33. In rodents, the retrosplenial 
cortex (RSC) encompasses the entire posterior cingulate cortex (areas 29 and 30) whereas the anterior cingulate 
cortex (ACC) is considered as a part of the medial prefrontal cortex (mPFC), which also includes the infralimbic 
and prelimbic areas34,35. The cingulate cortex plays a crucial role in sensory processing, emotion, reward-
related processing, memory tasks, navigation, and prospective thinking. 36–38. The cingulate region shows a 
well-documented vulnerability to disruptions in GABAergic signaling, including consistent reductions in 
somatostatin (SST) expression and SST+ interneuron markers in neuropsychiatric conditions29–31,39,40. Given this 
selective sensitivity, alterations in SST levels are expected to exert a pronounced functional impact in ACC and 
the closely interconnected RSC. In this study, we investigated the impact of Lis1 mutation on SST+ interneurons 
in the mouse cingulate cortex. To achieve this, we developed an animal model where the Lis1 gene is specifically 
deleted in SST+ interneurons, allowing us to analyze the role of Lis1 in long-range migratory interneurons. Our 
focus was on examining the anatomical and developmental effects of Lis1 silencing during SST+ interneuron 
development. Our findings revealed a significant reduction in the number of SST+ interneurons in the cingulate 
cortex of mutant mice compared to controls during young adulthood. Furthermore, our investigation into the 
involvement of Lis1 in SST+ interneurons during cortical development unveiled a severe impairment in this 
process when Lis1 is mutated. Based on our observations, Lis1 appears to play a crucial role in the development 
of SST+ interneurons.

Results
We have analyzed the organization and prenatal development of the SST+ neurons in the cingulate cortex after 
the inactivation of the Lis1 gene in these neurons.

Since the expression of the gene encoding for SST is high in developing cortical interneurons beginning 
at both E13.5 and E15.5 41 we first confirmed that Cre activity in SST-Cre driver animals is specific to the SST 
population using double immunostaining against SST and the red fluorescent protein (RFP) in Lis1-SST-RFP 
animals (Fig. 1). At postnatal day 1 (P1), we observed immunopositivity for both SST and RFP in the anterior 
cingulate cortex (ACC) and retrosplenial cortex (RSC) and the ventral forebrain. Remarkably, every neuron 
that exhibited immunopositivity for SST also displayed positivity for RFP in all these regions (Fig. 1A-C), being 
almost absent neurons that only expressed RFP or SST.

Fig. 1.  SST-Cre driver specificity in the SST+ interneurons. Immunofluorescence images depicting a coronal 
section from a P1 mouse of the Lis1-SST-RFP line stained against SST and RFP of the ventral forebrain. 
(A) Image showing SST-RFP fluorescence (red). (B) Image showing SST immunofluorescence (green). (C) 
Fluorescence image displaying the overlay of the SST-RFP (red) and SST immunofluorescence (green). Scale 
bar in C (200 μm) applies to all panels.
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The number and density of SST+ neurons are reduced in ACC and in the RSC of Lis1SST KO 
mice
To study the effect of Lis1 inactivation selectively in SST expressing interneurons in the cingulate cortex, we 
assessed SST expression by immunohistochemistry in coronal sections at P30 stage. For data comparison we 
analyzed either CRE-negative Lis1fl/+ (WT; fl/+) or CRE-positive Lis1fl/+ (CRE; fl/+) mice as control group, and 
Lis1SST knock-in mice (Lis1SST KO) as mutant mice. The analysis between CRE-negative Lis1fl/+ (WT; fl/+) 
mice and CRE-positive Lis1fl/+ (CRE; fl/+) mice did not reveal statistical differences between these two groups 
of animals, indicating that the presence of the Cre recombinase alone did not significantly alter interneuron 
numbers in the cingulate cortex.

The number and density of SST+ neurons in the anterior cingulate cortex (ACC) are shown in Fig. 2; Table 1. 
At P30, immunopositivity for SST was detected in all cortical layers (II-VI) of the ACC in all animals analyzed 
(Fig. 2B-D). Quantification of SST+ interneurons in the ACC showed a decrease in both the number and density 
of SST+ cells in Lis1SST KO mice compared to the controls (Fig. 2E-H; Table 1). This decrease in number or 
density of cells was apparent considering either the values for the whole cortex (Fig. 2E, F; Table 1; p = 0.001, 
Mann-Whitney test) or the values for individual cortical layers (Fig. 2G-H; Table 1); in the case of individual 
layers the decrease was significant in all layers studied (total number: p = 0.001 for layers 2/3, 5 and 6 for WT; 
fl/+ and CRE; fl/+ vs. Lis1SST KO ; density: p = 0.001 for all layers for WT; fl/+ and CRE; fl/+ vs. Lis1SST KO, 
Mann-Whitney test).

The laminar pattern of the GABAergic interneurons plays a crucial role in cortical information processing. 
As described above, we observed a decrease of SST+ cells in the ACC of Lis1SST KO mice. Then, we examined 
the possibility that the distribution of GABAergic interneurons could be altered in Lis1SST KO mice. To test this 

Fig. 2.  Number and density of SST+ neurons in control and mutant anterior cingulate cortex (ACC). A; 
Representative image stained with cresyl violet showing the boundaries of the cortical layers (I-VI); cresyl 
violet staining was used to identify the anatomical boundaries of the cortical layers. B-D; Representative 
photomicrographs of coronal sections taken through the anterior cingulate cortex and processed by 
immunoperoxidase staining for somatostatin (SST). SST immunostaining shows a decrease in SST+ 
interneurons in Lis1SST KO mice versus control mice (WT; fl/+, CRE; fl/+). Limits between cortical layers 
marked in each panel; cc: corpus callosum. E-H; histograms showing the number and density of SST labeled 
neurons in the ACC. Cell density given as cells/mm3 (x1000); all data given as mean ± s.d. Symbols: values 
from individual brain hemispheres. E, total number of SST+ cells detected (x1000) in all cortical layers studied 
(average ± SD; n = 8; for exact values consult Table 1). F, average neuron density in all cortical layers studied 
(mean ± SD; n = 7; for exact values consult Table 1). G, number of SST+ neurons detected in individual layers 
(average ± SD; n = 7; for exact values consult Table 1); H, cell density in individual layers (mean ± SD; n = 7; for 
exact values consult Table 1). All comparisons made with the Mann-Whitney test (rank sum test); *** p < 0.001 
(for exact values see Table 1). Scale Bar in B (200 μm) applies to panels C-D.
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possibility, we compared the distribution of density of SST-positive GABAergic interneurons between cortical 
layers (layers 2/3, 5 and 6) of the controls and the Lis1SST KO mice.

The analysis of the distribution (laminar pattern) of SST-positive interneurons among layers 2/3, 5 and 6 
of CRE-negative Lis1fl/+ (WT; fl/+) does not reveal statistical differences in the ACC. We used the values of 
cell density in cortical layers from Fig. 2H to analyze and compare the laminar pattern of the distribution of 
SST+ neurons between controls and mutant cortices. In the CRE-positive Lis1fl/+ (CRE; fl/+) mice, the neuron 
density in layer 2/3 was significantly lower than in layers 5 and 6 (p < 0.05, Kruskal-Wallis test, with post-
hoc Tukey test); this suggest that in control animals SST+ neurons are placed preferentially in deep layers. In 
contrast, in the Lis1SST KO mice the neurons density in layer 6 was significantly lower than in layers 2/3 and 5 
(p < 0.05, Kruskal-Wallis test, with post-hoc Tukey test), suggesting that in these animals the neurons gradient 
was inverted, and SST+ neurons were placed preferentially in superficial layers.

ACA RSC

Total number

Layer Genotype Mean# SD p, Mann-Whitney Mean SD p, Mann-Whitney

WT; fl/+ CRE; fl/+ WT; fl/+ CRE; fl/+

Layer 2/3 WT; fl/+ 5.1 1.1 11.1 2.6

CRE; fl/+ 4.7 1.3 0.604 10.9 2.1 1

Lis1SST KO 2.7 0.7 0.001*** 0.001*** 4.5 1.6 0.001*** 0.001***

Layer 5 WT; fl/+ 14.7 2.4 21.6 3.6

CRE; fl/+ 16.2 1.7 0.259 22.4 5.2 0.613

Lis1SST KO 6.2 2.1 0.001*** 0.001*** 6.2 2.1 0.001*** 0.001***

Layer 6 WT; fl/+ 7 2.3 10.5 2.7

CRE; fl/+ 7.7 1.9 0.71 10.2 2.7 0.779

Lis1SST KO 2.7 0.7 0.001*** 0.001*** 2.8 0.7 0.001*** 0.001***

All layers WT; fl/+ 26.8 3.7 43.3 7.2

CRE; fl/+ 28.6 3.5 0.383 43.4 9 0.867

Lis1SST KO 13.3 2.1 0.001*** 0.001*** 13.3 2.1 0.001*** 0.001***

Density

Layer 2/3 WT; fl/+ 26.4 5.6 26.8 5.6

CRE; fl/+ 24.7 5.2 0.259 24.7 5.2 0.536

Lis1SST KO 12.3 4.5 0.001** 0.001** 12.3 4.5 0.001*** 0.001***

Layer 5 WT; fl/+ 26.4 5.2 26.4 5.2

CRE; fl/+ 27.1 7.3 0.902 27.1 7.3 0.779

Lis1SST KO 8.3 2.4 0.001*** 0.001** 8.4 2.4 0.001*** 0.001***

Layer 6 WT; fl/+ 23.7 6.6 23.7 6.6

CRE; fl/+ 22.5 5.7 0.71 22.5 5.7 0.694

Lis1SST KO 6.9 2 0.001*** 0.001** 6.9 2 0.001*** 0.001***

All layers WT; fl/+ 25.7 5 25.7 5

CRE; fl/+ 25.2 5.9 0.805 25.2 5.9 0.955

Lis1SST KO 9.2 2.2 0.001** 0.001*** 9.2 2.2 0.001*** 0.001***

Volume

Layer 2/3 WT; fl/+ 0.19 0.03 0.41 0.007

CRE; fl/+ 0.19 0.02 0.159 0.44 0.008 0.414

Lis1SST KO 0.21 0.03 0.209 0,899 0.37 0.01 0.734 0.39

Layer 5 WT; fl/+ 0.56 0.01 0.82 0.01

CRE; fl/+ 0.6 0.007 0.863 0.83 0.02 0.514

Lis1SST KO 0.75 0.02 0.169 0.152 0.74 0.01 0.86 0.471

Layer 6 WT; fl/+ 0.3 0.01 0.44 0.01

CRE; fl/+ 0.34 0.01 0.866 0.45 0.007 0.959

Lis1SST KO 0.39 0.01 0.73 0.877 0.41 0.008 0.56 0.423

All layers WT; fl/+ 1.04 0.13 1.68 0.02

CRE; fl/+ 1.13 0.22 0.652 1.72 0.03 0.543

Lis1SST KO 1.45 0.24 0.361 0.227 1.45 0.03 0.674 0.377

Table 1.  Descriptive statics and comparison of SST+ populations at P30 in ACC and RSC. n= 5 for CRE; fl/+ 
and Lis1SST KO and n= 6 for WT; fl/+. Statistical significance was considered at a p-value of less than 0.05, 
denoted as *p˂0.05, **p˂0.01 and ***p˂0.001.# Mean: number of cells or density (mm3) x1000.
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In the retrosplenial cortex (RSC) our findings were similar to ACC (Fig. 3; Table 1). As in ACC, at P30, 
immunopositivity for SST was detected in all cortical layers (II-VI) of the RSC in all animals analyzed (Fig. 3B-
D). In the RSC we detected a decrease in both the number and density of SST+ cells in Lis1SST KO mice compared 
to the controls (Fig. 3E-H). This decrease in number or density of cells was significant either considering the 
values for the whole cortex (Fig. 3E-F; Table 1; p = 0.001 for WT; fl/+ vs. Lis1SST KO and p = 0.001 for CRE; fl/+ 
vs. Lis1SST KO for total number and density, Mann-Whitney test) or the values for individual cortical layers 
(Fig. 3G-H); in the case of individual layers the decrease in cell number or density was significant in all layers 
studied (Table  1; p = 0.001 for WT; fl/+ vs. Lis1SSTKO and p = 0.001 for CRE; fl/+ vs. Lis1SST KO for total 
number and density, Mann-Whitney test).

The analysis of the distribution of SST-positive interneurons of RSC showed findings similar to ACC. The 
analysis of SST-positive interneuron distribution between layers 2/3, 5, and 6 in CRE-negative Lis1fl/+ (WT; 
fl/+) and mice CRE-positive Lis1fl/+ (CRE; fl/+) mice did not reveal statistical differences in the RSC (Fig. 3). 
As in the ACC, we also observed an increase in the density of SST-positive interneurons in the superficial layer 
(layer 2/3) of the mutants. This increase in cell density was significant between layers 2/3 and 6 in the RSC (Fig. 3; 
p < 0.05, Kruskal-Wallis test with post-hoc Tukey test).

The prenatal migration of SST+ interneurons tangential migration is altered in Lis1SST KO 
animals
The reduced density of SST+ neurons found in the postnatal cortex of Lis1 SST KO animals suggest that the 
proliferation and / or the migration of these neurons during the cortical development may be altered. First, we 

Fig. 3.  Number and distributions of SST + neurons in control and mutant Retrosplenial cortex (RSC) A; 
Representative image stained with cresyl violet showing the boundaries of the cortical layers (I-VI); cresyl 
violet staining was used to identify the anatomical boundaries of the cortical layers. B-D; Photomicrographs of 
coronal sections taken through the anterior cingulate cortex and processed by immunoperoxidase staining for 
somatostatin (SST). SST immunostaining shows a decrease in SST+ interneurons in Lis1SST KO mice versus 
control mice (WT; fl/+, CRE; fl/+). Limits between cortical layers marked in each panel; cc: corpus callosum. 
E-H; histograms showing the number and distributions of SST labeled neurons in the RSC. Cell density 
given as cells / mm3; all data given as mean ± s.d. Symbols: values from individual brain hemispheres. E, 
total number of SST+ cells (x1000) detected in all cortical layers studied; (average ± SD; n = 8; for exact values 
consult Table 1). F, average neuron density (cells/mm3 × 1000) in all cortical layers studied (average ± SD; 
n = 8; for exact values consult Table 1). G, number of SST+ neurons detected in individual layers (average ± SD; 
n = 8; for exact values consult Table 1). H, cell density in individual layers (average ± SD; n = 8; for exact values 
consult Table 1). All comparisons made with the Mann-Whitney test (rank sum test); *** p < 0.001 (for exact 
values see Table 1). Scale Bar in B (200 μm) applies to panels C-D.
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analyzed the neuronal proliferation at the medial ganglionic eminence, where most of the SST+ neurons are 
generated, although it is known that SST+ interneurons divide in the ventricular zone42. Once these interneurons 
exit the cell cycle, they migrate into the subpallial mantle zone, where the first expression of the Sst gene is 
detected42–44. Sst-lineage cells are already postmitotic at the time Sst-Cre becomes active; therefore, Lis1 deletion 
in this lineage cannot directly influence MGE progenitor proliferation, consistent with studies showing that Sst 
interneuron precursors exit the cell cycle before initiating Sst expression16,45. Nonetheless, we examined Ki67 
immunoreactivity and confirmed the absence of proliferative activity within the Sst-Cre lineage. We performed 
double immunohistochemistry with anti-RFP and anti-Ki67 antibodies (the latter is a proliferation marker; 
46and we did not detect any degree of co-labeling (Fig. 4), which suggests that cell proliferation should not be 
affected by the deletion of Lis1 when the Sst gene is expressed.

Inhibitory interneurons are primarily generated in the ganglionic eminences and the preoptic area, and 
follow a long path until reaching their final destination in the cortex21,47. In particular, SST+ interneurons are 
born in the medial ganglionic eminence (MGE) between embryonic days E10.5 and E16.5, with a maximum at 
E15.5 48,49. During tangential migration, SST+ interneurons are organized in two streams: the marginal zone 
(MZ) stream and the subventricular zone (SVZ) stream21. To analyze whether tangential migration could be 
affected in Lis1SST KO; RFP mice, we studied brains from Lis1SST KO; RFP mice at embryonic stages E14.5 
and E16.5; the expression of the RFP protein when SST promoter is activated in these mice allowed us to follow 
SST+ interneurons during embryonic development. Figure 5 shows the tangential migration of SST+ neurons 
at E14.5 and E16.5 stages.

An initial analysis revealed a reduction in the number of migrating SST-RFP interneurons in the cortex at 
both stages, particularly noticeable in the dorso-medial areas (Fig. 5B-D, F-H). To corroborate this qualitative 
observation, we conducted a quantitative analysis. This was done counting RFP expressing cells in a rectangular 
region of 250 μm wide and covering the whole cortex. The same rectangular region size was used for analysis at 
both E14.5 and E16.5 (Fig. 5A, E). SST-RFP interneurons were counted in the marginal zone (MZ), cortical plate 
(CP), subplate (SP), intermediate zone (IZ), and subventricular zone (SVZ). The analysis between control mice 
(CRE; RFP) and heterozygous mice (CRE; fl/+; RFP) mice did not reveal any statistical significant differences 
between these two groups. Neuron quantification at E14.5 showed a significant decrease in the number of SST⁺ 
neurons in the MZ, IZ, and SVZ of mutant mice (Fig. 5I; Table 2; for CRE; RFP vs. Lis1 SST KO; RFP: p = 0.002 
in MZ; p = 0.035 in IZ and p = 0.026 in SVZ; Student’s t-test), which was similarly observed when comparing 
heterozygous and mutant mice (Fig. 5I; Table 2; CRE; fl/+; RFP vs. Lis1 SST KO; RFP: p = 0.004 in MZ; p = 0.008 
in IZ and p = 0.008 in SVZ; Student’s t-test). At E16.5, we also detected a significant reduction in the number 
of SST⁺ neurons in the MZ and SP of mutant mice compared with controls (Fig. 5J; Table 2; for CRE; RFP vs. 
Lis1 SST KO; RFP: p = 0.026 in MZ; and p = 0.001 in SP; Student’s t-test) and compared with heterozygous mice 
(Fig. 5J; Table 2; for CRE; fl/+; RFP vs. Lis1 SST KO; RFP: p = 0.005 in MZ; and p = 0.01 in SP; Student’s t-test). 
These findings indicate an altered migration of SST-RFP neurons in the mutant prenatal cortex that is clear since 
at least the E14.5 stage.

Fig. 4.  Cell proliferation in the medial ganglionic eminence. A-C; Coronal sections showing immunostaining 
against Ki67 (green) or RFP (red) at E13.5. Representative coronal sections of a CRE; fl/+; RFP mouse 
(A) and a Lis1SST KO; RFP mouse (C). B and D are close-ups of the boxed areas in A and C, respectively, 
corresponding to the medial ganglionic eminences, where SST+ interneurons are born. B corresponds to the 
merged image, with B′ showing the Ki67 (green) and B″ showing the SST–RFP (red). Similarly, D corresponds 
to the merged image, with D′ showing the Ki67 (green) and D″ showing the SST–RFP (red).
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The morphology of migrating SST+ neurons is altered in Lis1SST KO; RFP animals
We next analyzed the morphology of migrating SST+ interneurons. The morphological analysis was 
made after enhancing the RFP fluorescent signal in those neurons selected for morphological analysis with 
immunohistochemistry against RFP performed at the embryonic stage E15.5. Interneurons migrating tangentially 
through the intermediate zone were selected for morphological analysis once they reached the dorsal pallium. In 
addition to a reduction in the number of migrating cells reported above, Lis1 silencing during the development 
of SST+ interneurons resulted in morphological abnormalities in the leading processes and its branches as well 
as in the soma of migrating neurons (Fig. 6). For the morphological analysis, we selected cells from six animals 
per condition in both control and mutant groups, ensuring consistent and representative sampling across all 
experimental groups. In control mice, most migrating neurons showed a leading process with a single branching 
node and two branches (31 out of 36 neurons: 86.1%; the remaining neurons showed a non-branching leading 
process); in contrast, in mutant animals the number of neurons showing a branched leading process was much 
lower (21 out of 36; 58.3%), and this difference was statistically significant (χ²(1, N = 72) = 6.92, p = 0.009). Our 
morphological analysis of migrating neurons revealed significant differences in both the length of the leading 
process and its branches and in the size and shape of the soma. The length of the leading process was shorter in 

Fig. 5.  Tangential migration of SST-positive interneurons in Lis1SST KO; RFP mice at E14.5 and E16.5 stages. 
Representative images of the developing cortex from coronal sections of E14.5 (A-D) or E16.5 (D-H) CRE; 
RFP; CRE; fl/+; RFP or Lis1SST KO; RFP embryos immunostained against RFP (red) and counterstained with 
DAPI (blue). Dashed squares in A and E (only DAPI staining) indicate the approximate area shown enlarged 
in panels B-D and F-H respectively. The small rectangles in A and E show the area used to count RFP neurons. 
I, J, density (neurons / mm2) of RFP-labeled neurons in cortical layers at E14.5 stage (I) and E16.5 stage 
(J); values given as mean ± s.d.; n = 8 (I) or n = 6 (J); Student’s t-test; *p < 0.05, **p < 0.01; for exact values see 
Table 2). Scale Bar in panels A and E measures 200 μm.
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Lis1SST KO; RFP mice compared to controls; the length of the branches was also shorter in Lis1SST KO; RFP 
mice (Figs. 6-D).

Quantitative analysis revealed that Lis1SST KO; RFP interneurons displayed a significant reduction in soma 
size compared to controls, as measured by the somatic perimeter (Fig. 6E). The shape of the soma was also 
different in Lis1SST KO; RFP interneurons, being more compact and more rounded, as indicated by the aspect 
ratio, roundness and compactness (Fig. 6F-H).

These findings suggest that the absence of the Lis1 gene in SST+ interneurons disrupts normal morphological 
development, resulting in shorter leading processes with fewer and shorter branches, as well as a more rounded 
and compact soma with reduced perimeter.

SST+ interneurons of Lis1SST KO experience a halt in their tangential migratory stream
Since interneuron proliferation in the ganglionic eminence is not affected but the number of migrating neurons 
in the dorsal embryonic cortex is largely decreased, we hypothesized that migrating neurons suffer some kind 
of accumulation at the basal forebrain, the area through which migrating neurons transitate in their way from 
the ganglionic eminence to the developing dorsal cortex. We focused our analysis on the basal forebrain in 
coronal sections of E15.5 (Fig. 7). Since we have observed a low number of migrant neurons as early as E14.5, 
we anticipated the accumulation of migrant neurons in the basal forebrain one day later, at E15.5. To define our 
area of interest, we draw two parallel lines from the medial and lateral vertices of the ventricle, extending from 
the neuroepithelium to the pial surface. We then analyzed the area between the neuroepithelium and the pial 
surface, bounded by these lines (Fig. 7A-D). Given the high density of labeling in this basal region, we decided 
to quantify the fractional area labeled by SST-RFP relative to the previously defined area of interest. Our analysis 
of the fractional area occupied by SST-RFP, revealed a stalling of SST+ interneurons in the basal forebrain in 
Lis1SST KO; RFP mice (Fig. 7E).

The quantification using the AFF probe revealed that the area fraction occupied by SST-RFP in the basal 
region was larger in the Lis1SST KO; RFP compared to controls (Fig.  7E), indicating an accumulation of 
migrating neurons in mutant mice. The area fraction occupied by SST-RFP in the cortex was larger in the 
controls compared to Lis1SST KO; RFP (Fig. 7E). No significant differences were observed in the overall area 
fraction occupied by SST-RFP in the basal forebrain and cortex (Fig. 7F).

The accumulation of SST+ interneurons in the ventral telencephalon suggests that these cells may be 
undergoing cell death due to their failure to reach their final destination. To test this hypothesis, we performed 
immunohistochemistry to detect cells expressing Caspase-3 at the P1 postnatal stage. We observed fewer 
Caspase-3 + cells in the ventral telencephalon of control mice compared to Lis1SST KO mice (Fig. 8A-C’).

To quantify this observation, we defined a quadrangular region using the ventral horn of the lateral ventricle 
and the ventral end of the external capsule (ec) as reference points. The dorsal side of the rectangle was drawn by 
connecting these two points, while the remaining sides extended from these points to the pial surface of the ventral 
telencephalon (Fig. 8A). We then applied stereological methods to estimate the number of Caspase-3 + cells in 
each group. Our analysis revealed a statistically significant increase in the number of Caspase-3 + cells in Lis1SST 
KO mice compared to controls (Fig. 8D).

E14.5

CRE; RFP
CRE; 
fl/+;RFP Lis1SST KO; RFP

Mean SD Mean SD Mean SD p, Student’s t test
CRE; RFP vs. Lis1SST KO; RFP p, Student’s t test CRE; fl/+;RFP vs. Lis1SST KO; RFP

SVZ 85 8 84 28 63 23 0,026* 0.008**

IZ 121 12 137 55 80 47 0,035* 0.008**

SP 79 13 135 70 93 68 0,059 0.247

CP 148 59 147 84 131 66 0,657 0.641

MZ 539 131 526 145 309 93 0,002** 0.004**

E16.5

CRE; RFP CRE; 
fl/+;RFP Lis1SST KO; RFP

Mean SD Mean SD Mean SD p, Student’s t test
CRE; RFP vs. Lis1SST KO; RFP p, Student’s t test CRE; fl/+;RFP vs. Lis1SST KO; RFP

SVZ 82 25 84 37 60 20 0,123 0.196

IZ 44 23 28 8 26 8 0,113 0.606

SP 211 43 172 42 112 20 0,001** 0.01*

CP 74 20 54 14 66 22 0,532 0.293

MZ 718 202 693 133 480 61 0,026* 0.005**

Table 2.  Descriptive statistics and comparison of migrating cells across Genotypes. n=8 for E14. 5 and n=6 for 
E16.5 (CRE; RFP, CRE; fl/+;RFP and Lis1SST KO; RFP). Statistical significance was considered at a p-value of 
less than 0.05, denoted as *p˂0.05, **p˂0.01 and ***p˂0.001.
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These findings suggest that the absence of the Lis1 gene in SST+ interneurons the tangential migration of 
these neurons is disrupted, leading to their accumulation and subsequent cell death in the ventral telencephalon 
during early development.

A; Schematic representation of a coronal mouse brain section illustrating the region selected for quantitative 
analysis of Caspase-3 + cells. B-C; Coronal sections of a CRE; fl/+ brain (B) and a Lis1SST KO brain (C) 
immunostained for Caspase-3. B’-C’; Higher magnification images of the boxed regions in (B) and (C) 
respectively. D; Histogram showing the quantification of Caspase-3 + cell density (mean ± SD; n = 6; CRE; fl/+ 
= 1458 ± 790; Lis1SST KO = 2404 ± 1346; Student’s t-test, p = 0.037). Scale bar in panel B applies to panels B, 
C (500 μm) and to panels B’, C’ (125 μm). (Abbreviations: ac: anterior commissure; cc: corpus callosum; CP: 
caudoputamen; CTX-cortex; ec: external capsule; se: septum).

Discussion
In the present study, we analyzed the effect of Lis1 mutation in SST+ interneurons in the mouse cingulate cortex. 
Our findings indicate that deletion of the Lis1 gene during the development of SST+ interneurons, specifically 

Fig. 6.  Morphological defects observed in tangentially migrating SST-positive interneurons of Lis1SST KO; 
RFP mice at E15.5. A: Representative coronal section of the developing cortex at E15.5. The square indicates 
the region in which morphological analysis was performed. Dashed lines delineate the intermediate zone 
where SST-RFP interneurons were analyzed. B, C; Representative images of SST-RFP interneurons located in 
the intermediate zone in CRE; fl/+; RFP and Lis1SST KO; RFP brain. D, E; Histograms showing the length of 
the leading process (D; CRE; fl/+; RFP 53.15 ± 27.91 μm, n = 30; Lis1SST KO; RFP 33.94 ± 13.30 μm, n = 30) 
and branch length (E; CRE; fl/+; RFP 32.02 ± 18.72 μm, n = 54; Lis1SST KO; RFP 23,28 ± 10.41 μm, n = 42). 
F, Somatic perimeter length (CRE; fl/+;RFP 33.39 ± 15.15 μm, n = 36; Lis1SST KO; RFP 26.52 ± 3.93 μm, 
n = 36). G-I, aspect ratio (G; CRE; fl/+;RFP 1.80 ± 0.54, n = 36; Lis1SST KO; RFP brain 1.55 ± 0.31, n = 36), 
roundness (H; CRE; fl/+;RFP 0.52 ± 0.14, n = 36; Lis1SST KO; RFP brain 0.60 ± 0.11, n = 36) and compactness 
(I; CRE; fl/+;RFP 0.72 ± 0.09, n = 36; Lis1SST KO; RFP brain 0.77 ± 0.07, n = 36) of the soma. All data given as 
mean ± s.d; symbols in the histograms are the values from individual neurons. Comparisons with the Mann-
Whitney rank sum test (p-value given above each histogram). Scale Bar in panels A measures 200 μm and in 
panels B and C 20 μm.
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reduces the number of SST+ interneurons in the cingulate cortex in young mutant mice. Our results also revealed 
that Lis1 gene deletion strongly affects tangential migration of SST+ interneurons. These results demonstrate 
the SST+ interneurons populating the cingulate cortex are affected by the lack of Lis1 during development, 
supporting the idea that the Lis1 effect is cell autonomous. According to our observations Lis1 is necessary for 
the proper development of SST+ interneurons.

Morphological consequences of Lis1 ablation in the cingulate cortex
Disruptions in brain development often play a central role in various psychiatric disorders and intellectual 
disabilities. The identification of genes contributing to these disorders in humans, such as Lis1, has shed light on 
this intricate relationship12,50–52. Lis1 has been implicated in neurobehavioral disorders like autism, schizophrenia 
(SCZ), and human psychosis. The role of the Lis1 gene in the development and function of the GABAergic 
system has been suggested using hypomorphic mutation of the Lis1 allele (sLis1) and the heterozygous mutation 
(Lis1+/-) 9,12,53–56. Previous studies revealed a disorganized hippocampal area CA1 in Lis1+/- mice, characterized 
by a selective displacement parvalbumin- and somatostatin- positive interneurons, leading to functional changes 
in neural circuitry5,8. Moreover, they observed that interneuron migration is slowed in Lis1 mutant mice, likely 
disrupting the synaptic integration of these cells.

In previous studies in our laboratory, we observed a reduction of GABAergic interneurons, including 
glutamate decarboxylase 1, parvalbumin and calretinin in the ACA in the young stages of Lis1/sLis1 mutant 
mice12. In this study, we observed similar results regarding SST+ interneurons in the cingulate cortex. The total 
number of these cells was severely reduced in Lis1SST KO. Furthermore, density analysis revealed a decrease 

Fig. 7.  SST-positive interneurons accumulate in the basal forebrain during early embryonic development. 
A, C; Coronal sections of a CRE; fl/+; RFP brain (A) and a Lis1SST KO; RFP brain immunostained for RFP 
and counterstained with DAPI. B, D; Higher magnification images of the boxed area in (A) and (C) are 
shown in B and D (RFP immunostaining). E; The histogram shows the quantification of the fractional area 
occupied by RFP positive neurons in the basal forebrain ( mean ± SD; n = 6. CRE; fl/+ 0.133 ± 0.01; Lis1SST KO 
0.21 ± 0.01, Student’s t-test, p = 0.0005) and in the cortex (mean ± SD; n = 6. CRE; fl/+ 0.102 ± 0.05; Lis1SST KO 
0.021 ± 0.001, Student’s t-test, p = 0.002). F; The histogram represents the quantification of the fractional area 
occupied by RFP positive neurons in the basal forebrain and cortex (mean ± SD; n = 6. CRE; fl/+ 0.234 ± 0.06; 
Lis1SST KO 0.233 ± 0.03, Student’s t-test, p = 0.952). Scale bar in panel A applies to panels A, C (500 μm) and to 
panels B, D (200 μm).
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in the entire ACC and RSC, as well as by layers. Unbiased stereological estimations of volume of ACC and RSC 
layers were carried out. No volume reduction was detected in the entire ACC and RSC or by layers, ruling out 
the influence of volume changes when comparing density (see Table 1 for details). By specifically deleting Lis1 
in SST+ interneurons, we demonstrate that Lis1 is involved in the proper development of SST+ interneurons. 
Moreover, we observed a distinct alteration in the distribution of SST+ interneurons across the cortical layers. 
In mutant mice, layer 2/3 exhibited a higher density of SST+ interneurons compared to layer 6. One possible 
explanation is that Lis1 plays a role in the radial migratory route that SST+ interneurons follow upon reaching 
the cortex. However, further experiments would be necessary to clarify this point. Indeed, previous studies have 
reported cortical dysplasia when the Lis1 gene is mutated53,57. Furthermore, using extracellular field potential 
and intracellular recordings in brain slices of the cingulate cortex, we observed that the dysfunction of the Lis1 
gene causes abnormalities in the properties of epileptiform discharges and in their propagation along the layer 
2/3 58. Therefore, the severe reduction of SST+ interneurons in the cingulate cortex could also alter the limbic 
circuitry, producing an excitatory-inhibitory imbalance. A decrease in SST expression in the human brain 
has been implicated in various neurodegenerative disorders59. The reduction of SST expression is related to a 
decrease in the number of SST+ interneurons in several neurodegenerative disorders, such as a reduction in 
the frontal cortex and hippocampus in Alzheimer’s disease60,61, in the cortex in Parkinson’s disease62, in the 
striatum in Huntington’s disease63 and in the hippocampus in SCZ64. Furthermore, an association between some 
lissencephaly-related genes and both SCZ and bipolar disorder has been reported12,52,65. In fact, the interaction 
of LIS1 with other proteins considered as risk factors for major mental illness has been proposed as critical for 
developing SCZ and related psychiatric disorders66.

Here, we demonstrate that the ablation of Lis1 in SST+ interneurons severely affects the number of these cells 
in the cingulate cortex, suggesting important physiological consequences in its proper functioning that could be 
related to neuropathological disorders.

Role of Lis1 in the migration of SST-interneurons
SST-interneurons, characterized by somatostatin expression, form the second largest class of cortical interneurons 
and favor dendritic synapse formation21. SST+ interneurons originate from the dorsal and intermediate regions 
of the MGE between the embryonic days E10.5 and E16.5 21,48. They arise from apical progenitors that undergo 
division along the VZ 42 before embarking on tangential migration to the cortex via two primary routes: the 
MZ, predominantly followed by Martinotti cells, and the SVZ, favored by non-Martinotti cells18. In our study, 
we examined the impact of Lis1 gene deletion on the migration of SST+ interneurons during development. Our 
findings revealed a reduction in the total number of migrating SST+ interneurons at both E14.5 and E16.5 stages 
in Lis1SST KO animals compared to controls. Analysis of distinct developing cortical layers indicated that the 
number of SST+ interneurons migrating through the main migratory routes, the SVZ and the MZ, was disrupted 
during the stages examined. Crucially, migration through the MZ is a key route for the tangential dispersion of 
late-born interneurons (Tanaka et al., 2009), and SST+ cells utilizing this superficial stream are fate-determined 
to become Calb2 + Martinotti cells (Lim et al., 2018). Therefore, the concurrent blockade of the deep (SVZ) 
and superficial (MZ) streams suggests that both Martinotti and non-Martinotti cells were equally affected by 
the Lis1 deletion. However, we observed a higher density of SST+ interneurons in layer 2/3 compared to layer 
6 in Lis1SST KO animals. This suggests that the absence of Lis1 may impair the outside-inside radial migration 
of Martinotti cells once they reach the cortex via the MZ route. The diminished presence of migrating SST+ 
interneurons in the cortex of Lis1SST KO animals underscores the crucial role of Lis1 in this developmental 
process.

During cell migration, microtubules play a critical role in the cytoskeleton reorganization, with several 
microtubule-associated proteins such as doublecortin and LIS1 being implicated in microtubule organization and 
regulation cell migration67–69. The regulatory interaction between LIS1 and the cytoplasmic dynein is pivotal for 

Fig. 8.  Increased Caspase-3 + cell death in the ventral telencephalon of Lis1SST KO mice.
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its cellular functions, with Lis1 gene deletion known to affect neuronal migration, progenitor proliferation, and 
nucleokinesis1,70. The role of Lis1 in radial migration during cortex development has been well-established. It has 
been demonstrated that alterations in Lis1 dosage lead to cortical lamination defects and layer disorganization 
in the hippocampus3,9. Reduced levels of Lis1 result in weaker coupling between the centrosome and nucleus, 
thereby affecting nuclear translocation and, consequently, neural migration and positioning during cortical 
development9,71.

Moreover, Lis1 appears to be essential for proper tangential migration, as demonstrated in heterozygous mice 
(Lis1+/−), where this process is impaired due to reduced nuclear translocation velocity and abnormal dynamics 
of both leading process branching and extension72–74.

In our study, SST+ interneurons from Lis1SST KO mice exhibited smaller and more rounded somata 
compared to controls, likely reflecting delayed nuclear—and consequently somatic—translocation, consistent 
with previous reports72,74. While Lis1+/− interneurons display an elongated leading process and reduced 
branching complexity72, Lis1SST KO SST+ interneurons showed a marked reduction in both leading process 
length and number of branches. These results suggest that complete Lis1 ablation has distinct morphological 
consequences compared to haploinsufficiency. In line with this, a previous study reported that Lis1-deficient 
neurons exhibit shorter leading processes than those observed in wild-type or heterozygous conditions75. 
Altogether, our findings support a dose-dependent role for Lis1 in regulating the morphology of the leading 
process, highlighting a complex relationship between Lis1 expression levels and interneuron migratory behavior.

However, the question of whether the effect of Lis1 is cell autonomous remained unresolved. While radial 
migration defects resulting from Lis1 mutations are believed to be cell autonomous3,76, alterations in tangential 
migration are thought to be primarily cell autonomous but may also involve non-cell-autonomous factors72. 
Interestingly, our approach of selectively deleting Lis1 from SST+ cells helps clarify that the role of Lis1 in 
tangential migration is in fact cell autonomous.

Despite the known impact of Lis1 deficits on proliferation, this process should remain intact in our mouse 
model. We utilized a mouse model in which Lis1 is deleted specifically in cells expressing the Sst gene, starting 
around the embryonic stage E13.5. SST+ interneuron precursors begin expressing the Sst gene just before starting 
tangential migration. Therefore, our mutant brain model contains postmitotic Lis1SST + KO interneurons. Our 
results suggest that SST+ interneurons divide correctly, but the deficiency of Lis1 impairs tangential migration 
along all migratory routes, leading to a significant decrease in SST+ interneurons in the adult brain. In fact, we 
have observed that SST+ interneurons fail in their tangential migration and instead accumulate in the basal 
forebrain during early embryonic development. These findings are consistent with previous studies demonstrating 
that the disruption of other proteins interacting with the cytoskeleton, such as SynGAP-dopamine D1 receptor, 
RAC-GTPases, or Aristaless-related homeobox gene, also impairs the migration of GABAergic interneurons, 
resulting in their stalling in the ventral telencephalon77–79. Moreover, we have observed an increase in the density 
of cells expressing Caspase-3 suggesting that interneurons fail in their migration and consequently die in the 
ventral telencephalon explaining the reduction of SST+ interneurons in the cingulate cortex in adult stages. The 
question of whether early- and late-born Sst interneurons are differentially affected remains open, and future 
studies using dedicated birthdating approaches (e.g., BrdU or EdU paradigms) will be required to address this 
in greater detail.

Our data contribute to the better understanding of the physiopathology of neurodevelopmental pathological 
disorders. Both Lis1 mutation and SST+ deficits in the cingulate cortex have been independently linked to 
neurological disorders. Here, we provide evidence that Lis1 dysfunction in SST+ interneurons is associated with 
inadequate cell migration and a significant deficit in the young brain, which could lead to pathological outcomes. 
Further investigations on other types of interneurons and their functional consequences are necessary to 
elucidate the potential role of Lis1 in proper cortical development and pathogenesis.

Conclusions
Our results demonstrate that the inactivation of Lis1 in SST+ neurons causes a substantial reduction in the 
density of SST+ neurons in the postnatal cingulate cortex. Specifically, we observed a significant decrease in 
the overall cortex and individual layers of the anterior cingulate cortex, as well as in the retrosplenial cortex. 
During prenatal development, the tangential migration of SST+ neurons was profoundly disrupted, leading 
to the accumulation of SST+ neurons in the basal forebrain at E15.5. Overall, these findings indicate that Lis1 
inactivation in SST+ neurons disrupts tangential migration and reduces the number of SST+ neurons in the 
postnatal cingulate cortex.

Methods
Animals
All animal procedures were conducted in compliance with Spanish and European Union regulations on animal 
welfare in experimentation, specifically adhering to Real Decreto 1201/2005 and EU Directive 2010/63/EU. 
All protocols were approved by the Ethical Committee for Experimental Research of the Universidad Miguel 
Hernández (approval number: 2021/VSC/PEA/0230). This study is reported in accordance with the ARRIVE 
guidelines (Animal Research: Reporting of In Vivo Experiments).

All mutant mice were maintained on the C57 genetic background. Transgenic mice expressing CRE 
recombinase under the control of the somatostatin (SST) promoter (SST-CRE; Ssttm2.1(cre)Zjh/J, The Jackson 
Laboratory) and mice harboring the Lis1 gene flanked by flox sites (Lis1flox/flox; 129 S-Pafah1b1tm2Aw/J; The 
Jackson Laboratory) were employed in this study. Lis1SST knock-in mice (Lis1SST KO) were generated by 
crossing Lis1flox/flox mice with heterozygous SST-CRE; Lis1flox/+ mice. The control group consisted of CRE-
negative Lis1fl/+ (WT; fl/+) mice and CRE-positive Lis1fl/+ (CRE; fl/+) mice.
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A second line was employed in this study, which, in addition to SST-CRE and flox-Lis1-flox constructs, 
carries a construction that leads to the expression of red fluorescent protein (RFP) only where CRE recombinase 
is expressed (B6.CgGt(ROSA)26Sortm14(CAG−TDTomato)Hze/J, The Jackson Laboratory). The Lis1SST KO; RFP mice 
were generated by crossing Lis1flox/flox-RFP mice with heterozygous SST-CRE; Lis1flox/+ mice. The control 
group consisted of CRE-positive Lis1fl/+ (CRE; fl/+;RFP) mice.

For genotyping, PCR was conducted using specific primer sets to detect the SST-CRE construct, the flox-Lis1-
flox construct, and the RFP construct. The primer sequences are as follows: SST-CRE construct: SST Forward Primer 
(FP): 5´CTGGAAGACATTCACATCCTG3´; SST reverse primer (RP): 5´TATGGCAGCTGTTCCCAATAG3´; 
CRE FP: 5´CGGTCGATGCAACGAGTGATG3´; Cre RP: 5´AGCCTGTTTTGCACGTTCACC3´; to identify 
flox-Lis1-flox construct: FP: 5´TGAATGCATCAGAACCATGC3´; RP: 5´CCTCTACCACTAAAGCTTCTTC3´; 
and to identify the RFP construct: RFP FP1: 5´​A​A​G​G​G​A​G​C​T​G​C​A​G​T​G​G​A​G​T​A´3, RFP FP2 
5´GGCATTAAAGCAGCGTATCC3´; RFP RP1: 5´​C​C​G​A​A​A​A​T​C​T​G​T​G​G​G​A​A​G​T​C, RFP RP2: 
5´CTGTTCCTGTACGGCATGG3´. These primer sets were utilized to identify the presence of each respective 
construct in the mice samples through PCR amplification.

The day of vaginal plug detection was designated as embryonic day 0.5 (E0.5). Animals used in developmental 
and histological studies ranged in age from E14.5 to P30. Postnatal day 30 (P30) mice, weighing between 12 and 
17 g, were anesthetized with isoflurane (4% for induction, 1.5–2% for maintenance in oxygen) until complete 
loss of reflexes was confirmed, and subsequently transcardially perfused with phosphate-buffered saline (PBS) 
followed by 4% paraformaldehyde (PFA) in PBS. For embryonic tissue collection, pregnant dams were deeply 
anesthetized with isoflurane, euthanized by cervical dislocation, and embryos were immediately harvested 
by cesarean section. All efforts were made to minimize animal pain, discomfort, and distress throughout the 
procedures.

Tissue preparation and immunohistochemical staining
The animals underwent immunohistochemistry staining to quantify the number of interneurons expressing 
somatostatin.

Embryonic mice (E14.5, E15.5 and E16.5) were dissected, and their brains were embedded in 4% agarose. 
Coronal sections, 50 μm-thick, were then cut using a vibratome (Leica VT1000S). These sections, which were 
free-floating, underwent RFP immunohistochemistry. First, the tissue was rinsed with phosphate buffer solution 
containing 0.075% Triton X-100 (PBS-T) and processed for immunohistochemistry staining. Subsequently, 
the tissue was incubated with 10% Goat serum (GS) (blocking solution) for 1  h to prevent any nonspecific 
antigen binding. Next, the sections were incubated overnight at 4 °C with the proper primary antibody diluted 
in EnVision FLEX Antibody Diluent (DAKO, Denmark). The antibodies used were rabbit anti-RFP polyclonal 
(1:500, ab62341/ABCAM). On the following day, the sections were rinsed three times at room temperature and 
then incubated with the secondary antibody for 1 h: anti-rabbit IgG conjugated with Cy3-streptavidin (1:500, 
BA-1000//Vector; PA43001//Amersham) for rabbit anti-RFP polyclonal. After this incubation, the sections were 
washed with PBS-T.

To delineate anatomical regions such as the MZ, CP and SVZ sections were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI; Molecular Probes/Invitrogen, 1:10.000 in PBS) for 10  min. Finally, the sections were 
mounted on glass slides using a mounting medium composed of 10:1 Mowiol (Calbiochem) and NPG (Sigma).

For postnatal mice at P1, brains were dissected and embedded in 4% agarose. Coronal sections, each 50 μm 
thick, were then cut using a vibratome. These sections, which were free-floating, underwent overnight incubation 
with the primary antibody, rabbit anti-SST IgG (1:300, Invitrogen, PA5-85759) or rabbit anti-Caspase-3 (1:200, 
Abcam, ab2302) diluted in DAKO. The following day, the sections were rinsed three times and incubated with 
the secondary antibody for 1 h with the secondary antibody: donkey Alexa Fluor 488 anti-rabbit IgG (1:500, A 
21206//Invitrogen) for rabbit anti-SST or biotinylated goat anti-rabbit IgG (1:200, Vector Laboratories, BA1000) 
for rabbit anti-Caspase-3. For SST detection, following incubation, the sections were washed with PBS-T and 
counterstained with DAPI for 10  min. Finally, the sections were mounted on glass slides using a mounting 
medium composed of Mowiol (Calbiochem) and NPG (Sigma) in a 10:1 ratio. For Caspase-3 detection, after 
washing the primary antibody, the sections were incubated with the Avidin-Biotin Complex (ABC) for 1  h 
at a dilution of 1:300 (ABC Kit, Vector Laboratories, CA-94010). For brown colorimetric detection, the tissue 
was incubated in a solution containing 1% 3,3′-Diaminobenzidine (DAB; Vector Laboratories, SK-4100) and 
0.0018% hydrogen peroxide (H₂O₂) in PBS. Subsequently, the sections were washed with PBS, dehydrated and 
mounted using Eukitt (O. Kindler GmbH & Co., Freiburg).

For postnatal mice (P30), the brains were progressively dehydrated in ethanol, embedded in paraffin and 
then sliced into 16 μm-thick coronal sections using microtome (Leica). These sections were mounted in four 
parallel series. The first series of sections underwent dewaxing and rehydration, followed by processing for 
somatostatin immunohistochemistry staining. Initially, the sections were immersed in 0,9% hydrogen peroxide 
(H2O2) for 30  min to block endogenous peroxidase activity, and then rinsed with PBS-T. Subsequently, the 
tissue was incubated with goat serum (GS) for 1 h. The sections were incubated overnight with the primary 
antibody, rabbit anti-SST IgG (1:300, Invitrogen, PA5-85759) diluted in DAKO. The following day, the sections 
were rinsed three times and incubated with the biotinylated secondary antibody (1:200; Vector BA-1000) 
for 1  h. After washing with PBS-T, the sections were incubated with Avidin-Biotin Complex for 1  h (1:300; 
ABC kit Vector Laboratories CA-94010). For colorimetric detection (black), the tissue was incubated with 1% 
3,39-Diaminobenzidine (DAB; Vector Laboratories SK-4100), 0.025% ammonium nickel sulfate hexahydrate, 
and 0.0018% H2O2 in PBS. Next, the sections were washed with PBS and stained with cresyl violet to identify the 
anatomical boundaries of cortical layers (II-VI). Finally, the sections were dehydrated and mounted in Eukitt 
(O.Kindler GmbH and CO, Freiburg).
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Microscopy, stereological quantification and statistical analysis
SST+ cells in ACA and RSC at P30 of each hemisphere were quantified using a Leica DM4000 microscope 
coupled to stereological software (StereoInvestigator, MBF Bioscience, Williston, VT, USA) employing 
the Optical Fractionator probe. Initially, the layers II/III, V, and VI of ACA and RSC were outlined at low 
magnifications using a 2,5x objective lens. The number of sections to be analyzed, their interval and the thickness 
were determined (7 sections, 16 μm and regular interval 24 sections − 384 μm-).

Subsequently, SST+ interneurons within the 3-dimensional optical dissector were counted at a higher 
magnification using a 63x objective lens. Square grids were systematically and randomly placed over the layers 
of ACA and RSC. For neuronal counting, a counting frame (100 × 100) within the optical dissector was utilized. 
The height (thickness) of the optical dissector was set at 9 μm with a top guard zone of 3,5 μm. SST+ interneurons 
were easily distinguished by focusing up and down, and only SST+ cell bodies within the optical dissector height 
were counted. The precision of the quantification was assessed based on the Gundersen error coefficient, m = 1 
(CE). For optimal estimation, the Gundersen error coefficient (CE) with m = 1 should ideally be less than or 
equal to 0.1.

Cells expressing Caspase-3 in basal telencephalon were quantified following a similar procedure. Initially, 
the region of interest was outlined at low magnifications using a 2,5x objective lens. The number of sections 
to be analyzed, their interval and the thickness were determined (7 sections, 50  μm and regular interval 2 
sections − 100 μm-).

For analysis of development, images were acquired using confocal microscopes (Leica TCS SPE). Images 
stained with RFP immunohistochemistry were quantified using Image J software (NIH, United States). 
Anatomical regions (MZ, CP, SP, IZ and SVZ) were determined using DAPI counterstaining. To quantify the 
number of SST+ cells, six hemispheres were used. For each hemisphere, four images spanning rostral to caudal 
regions of the cortex were captured and treated as technical replicates.

The morphological analysis of migrating cells was performed using a Leica DM4000 microscope coupled 
to the Neurolucida software (MBF Bioscience, Williston, VT, USA). To enhance the RFP fluorescent signal in 
interneurons selected for morphological assessment, immunohistochemistry against RFP was carried out on 
50 μm-thick coronal sections prepared with a Leica VT1000S vibratome at embryonic stage E15.5. Interneurons 
migrating tangentially through the intermediate zone were selected for morphological analysis once they 
reached the dorsal pallium. The analyzed region was defined by a rectangle with a short side measuring 150 μm, 
whose center was positioned near the ventricular apex. Individual cells were manually traced to reconstruct 
their morphology and migratory trajectories. From these tracings, morphological parameters such as soma 
perimeter and elongation index were quantified. Morphological analysis was performed using six hemispheres. 
For each hemisphere, six coronal Sect. (50 μm thick) were selected and a total of 30 to 36 SST-RFP–expressing 
interneurons were randomly selected along the intermediate zone of the tangential migratory stream for detailed 
morphological assessment.

The SST-RFP positives were assessed with the area fraction fractionator (AFF) probe. The probe is designed 
to estimate the fraction of a region occupied by a sub-region (SST-RFP). This area fraction probe is implemented 
by performing a fractionator scan of the area of interest (basal forebrain) while overlaying a grid of points. 
Initially, the areas of interest were outlined at low magnifications using a 2,5x objective lens. The number of 
sections to be analyzed, their interval and the thickness were determined (5 sections, 50 μm, regular interval 6 
sections − 300 μm-). Subsequently, SST-RFP positive within AFF were analyzed at a higher magnification using 
a 20x objective lens. A counting frame (100 × 100) was utilized. We mark the points for the sub-region, the SST-
RFP signal, and the points for the region of interest, that is the ventral region of the forebrain. The precision of 
the quantification was assessed based on the Gundersen error coefficient, m = 1 (CE). For optimal estimation, the 
Gundersen error coefficient (CE) with m = 1 should ideally be less than or equal to 0.1.

Since the data from some experimental groups of P30 and from morphological analysis did not fulfill the 
criteria for the use of parametric statistical tests, we decided to use only non-parametrical tests for all statistical 
comparisons. We used the Mann-Whitney test (rank sum test) for the comparison between the data from mutant 
animals with controls. For the comparison of the number or density of cells among cortical layers we used the 
Kruskal-Wallis (ANOVA on ranks) test, with post-hoc Tukey or Dunn test used for pairwise comparison (data 
groups with same or different number of cases respectively). All data are given as mean ± standard deviation, 
with indication of the number of cases.

For the experimental group of E14.5, E15.5, E16.5 and P1, which fulfill the criteria for the use of parametric 
statistical tests, we used Student’s t-test. Statistical significance was considered at a p-value of less than 0.05, 
denoted as *p˂0.05, **p˂0.01 and ***p˂0.001.

Data availability
Data is provided within the manuscript.
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