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Figure 2 Nurr1 is essential to determine claustral cell fate.  

(A-A’ Ð D-D’) ISH using the NtnG2, Gng2, Gnb4 and Rgs20 probes on brain sections of control 

and EmxCre+ mutant brains at P2. NtnG2 is expressed in CLA, UL and PfC in control brains but 

selectively downregulated in CLA of Nurr1 deficient brains (A-A’). Gng2 expression is widely 

detectable in CLA, Sp, PfC and Ncx in control brains (B), whereas its expression is severely 

reduced in ClA but not in surrounding areas of mutant brains (B’). Gnb4 is specifically expressed 

in CLA and dEn neurons in control brains (C) but becomes rarely detectable in Nurr1 deficient 

brains (C’). (D-D’) ISH using the Rgs20 probe on sagittal sections of control and EmxCre+ mutant 

brains at P2. Rgs20 is normally expressed in Sp and CLA but selectively absent in CLA in mutant 

brains. The dotted-line circles in (A-A’ Ð D-D’) indicate CLA areas. 

(E Ð G) IF for Nurr1-Cterm with Cyp26b1 (E), Neurod1 (F) and Rorb (G) on sagittal sections of 

control, EmxCre+ and NexCre+ Nurr1 deficient brains at P2. Nurr1+/Cyp26b1+ cells are rarely 

detectable in control brains but significantly increased in both EmxCre+ and NexCre+ mutant 

brains (E). The proportion of Nurr1+/Cyp26b1+ cells in EmxCre+ mutant brains (≈13.77%, n = 

6) is increased by ~9.70 ± 1.64 folds (p = 0.00010, ***) relative to controls (≈1.29%, n = 6). The 

proportion in NexCre+ cKO brains (≈13.85%, n = 7) is increased by ~9.95 ± 0.92 folds (p < 0.0001, 

****) relative to controls (≈1.27%, n = 6), to the similar level with EmxCre+ mutant brains (p = 

0.97, ns). The proportions of Nurr1+/Neurod1+ cells in EmxCre+ and NexCre+ mutant brains are 
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also elevated to similar levels (p = 0.72, ns): the proportion in EmxCre+ mutant brains (≈33.11%, 

n = 8) is increased by ~4.49 ± 0.36 folds (p < 0.0001, ****) relative to controls (≈ 6.03%, n = 7), 

and the proportion in NexCre+ cKO brains (≈32.09%, n = 6) is increased by ~3.73 ± 0.26 folds (p 

< 0.0001, ****) relative to controls (≈6.78%, n = 6). Likewise, the proportions of Nurr1+/Rorb+ 

cells in EmxCre+ and NexCre+ mutant brains are elevated to similar levels (p = 0.60, ns): the 

proportion in EmxCre+ mutant brains (≈31.23%, n = 7) is increased by ~19.92 ± 0.72 folds (p < 

0.0001, ****) relative to controls (≈1.49%, n = 7), and the proportion in NexCre+ cKO brains 

(≈30.59%, n = 7) is increased by ~19.02 ± 0.44 folds (p < 0.0001, ****) relative to controls 

(≈1.53%, n = 6). The statistics data was analyzed by two-tailed Student’s t-test. Scale bar: 200 µm. 
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Figure 3 Connectivity networks associated with claustrum are impaired in Nurr1 deficient 

brains.  

(A – C) Resting state fMRI (rs-fMRI) was used to examine functional connectivity of 17 

networks of control and Nurr1 deficient brains. (A) Blood-oxygen-level dependent (BOLD) 

signal intensities in amygdala and anterior cingulate cortex (ACC) networks (red z-score overlaid 

on top of grayscale anatomical MRI template) of control brains are positively over threshold 

values relative to those of Nurr1 deficient brains, suggesting these networks are impaired in 

Nurr1 deficient brains. (B, C) Clusters of significant voxels were reconstructed by voxel-wise 

group statistics followed by threshold free cluster enhancement (TFCE) to correct for multiple 

comparisons (see “Materials and Methods”). Mean values of independent component (IC) 

weight in the significant clusters were quantified. The average IC weight in the amygdala 

network cluster is ≈0.071 (n = 17) in control mice, but significantly reduced to ≈-0.056 (p = 

0.00090, ***; n = 16) in Nurr1 deficient mice (B). The value in the ACC network cluster in 

control mice is ≈0.41, but reduced to ≈0.030 (by ~12.51 ± 3.04 folds, p = 0.00027, ***) in Nurr1 

deficient mice (C). 
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(D-D’ and E-E’) Seed-based connectivity mapping approach to analyze the specifically connected 

networks to CLA. The synchronous BOLD signals of amygdala (white arrowheads) and ACC (red 

arrowheads) networks in Nurr1 deficient brains are weakened in comparison to control brains 

when either both (D-D’) or single (E-E’) hemispheric CLA was seeded as regions of interest.  
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Figure 4 Nurr1 deficient mice are less susceptible when exposing to stressors.  

(A – H) Analysis of mouse behaviors in elevated plus maze (EPM). (A) The apparatus used in 

EPM (also see “Methods and Materials”). The north (N) and south (S) arms are closed with 

barriers and west (W) and east (E) arms are open arms. The far-end ledge of open arms (10 cm) 

are defined as risk zones (red). (B) The velocity of Nurr1 deficient mice in EPM (≈3.38 cm/s, n = 

9) was significantly higher than control mice (≈2.37 cm/s, n = 9), increased by ≈42.71% ± 17.10% 

(p = 0.024, *). (C – E) Nurr1 deficient mice spent more time in open arms (≈55.03 sec, n = 9) and 

risk zones (≈5.56 sec, n = 9) than control mice (open arms: ≈10.18 sec, n = 9; risk zones: ≈0.86 

sec, n = 9), increased by ~4.41 ± 1.25 folds (p = 0.0028, **) and by ~5.49 ± 2.58 folds (p = 0.049, 

*), respectively, whereas Nurr1 deficient mice spent less time in closed arms (≈175.3 sec, n = 9) 

than control mice (≈244.9 sec, n = 9), decreased by ≈28.41% ± 7.91% (p = 0.0024, **). (F – H) 

Accordingly, Nurr1 deficient mice traveled longer distance in open arms (≈167.9 cm) and risk 

zones (≈14.48 cm) than control mice (open arms: ≈31.42 cm; risk zones: ≈2.28 cm), increased by 

~4.34 ± 1.47 folds (p = 0.0095, **) and by ~5.36 ± 2.83 folds (p = 0.077, ns), respectively, but the 

track length of Nurr1 deficient mice (≈663.9 cm) is comparable to that of control mice (≈579.2 

cm) in the closed arms (p = 0.25, ns).  

(I – K) Analysis of mouse behaviors in open field (OF) test. (I) The schematic view of the open 

field test apparatus. (J) Nurr1 deficient mice spent more time in central zone of OF (≈48.67 sec, 

n = 11) than control mice (≈32.40 sec, n = 11), significantly increased by ≈ 50.22% ± 23.58% (p 

= 0.046, *). (K) The travel distance of Nurr1 deficient mice in the central zone (≈633.4 cm) is 

longer than that of control mice (≈456.3 cm), increased by ≈38.81% ± 18.12% (p = 0.045, *). 
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Figure 5 Single cell transcriptomic analysis of Nurr1+ cell populations in claustro-insular 

region at P0 

(A) Heatmap of top-rated regulated genes by Nurr1. The map was generated based on single cell 

transcriptomics of claustro-insular cells in control (left panel) and Nurr1 deficient brains (right 

panel). Cell subclasses are marked by colors. The figure is separated by expression levels 

(downregulation: upper panel; upregulation: lower panel) and the expression scales are marked 

as deep red (-4) as minimal and dark blue (4) as maximal. Some key genes involved in the 

project are marked (downregulated in red and upregulated in green). 

(B, C) Uniform manifold approximation and projection (UMAP) analysis of the single cell 

transcriptomes based on all cells isolated from claustro-insular tissues in control and Nurr1 

deficient brains (B). Each point denotes an individual cell. Claustro-insular cell subclasses in 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 12, 2025. ; https://doi.org/10.1101/2024.12.31.630879doi: bioRxiv preprint 

https://doi.org/10.1101/2024.12.31.630879
http://creativecommons.org/licenses/by-nc-nd/4.0/


Yan, et al., Nurr1 controls claustrum development and function 

32 
 

UMAP are grouped and marked by colors in (C). Nurr1+ CLA cell population is pointed by a red 

arrowhead (L6 cluster in Azimuth annotation39, the same as D, E). Astro, astrocytes; L2/3, layer 

2 and 3 cells; L5 ET and IT, layer 5 extra- and intra-telencephalon projecting glutamatergic 

neurons; L6 CT and IT, layer 6 corticothalamic and intratelencephalon projecting glutamatergic 

neurons; L6b, layer 6b neurons (Sp); Micro, microglia; OPC, oligodendrocyte precursor cells; 

Peri, pericytes; GABAergic neuron clusters: Lamp5, Meis2, Pvalb, Sncg, Sst, Vip. 

(D, E) UMAP analysis of Nurr1+ cell populations in claustro-insular region of control and Nurr1 

deficient brains. Nurr1+ cell subclasses are marked by colors in (E), which are mainly distributed 

in L2/3, L6 IT and L6b of cortex, consistent with Nurr1 expression pattern.  

(F) Violin plots for selected genes expressed in CLA. The levels of Nurr1-Cterm transcripts in 

claustro-insular cells of control and Nurr1 deficient brains are equivalent. However, expression 

levels of Gnb4, NtnG2 and Rgs20 are downregulated in claustro-insular region of Nurr1 

deficient brains, whereas the expression level of Rorb is upregulated. 
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Figure 6 Nurr1 regulates claustral neuron positioning by suppressing Gas-PKA signaling. 

(A, B) IF for Nurr1-Cterm (red) and Tle4 (blue) on the coronal sections of non-electroporated 

(non-IUE) and electroporated hemispheres of control and EmxCre mutant brains at P0 (A) and 

quantification for the proportions of Nurr1-Cterm+/GFP+ cells resident in CLA relative to all 

double positive cells in various electroporation conditions (B). The non-electroporated 

hemispheres serve as comparison references to the electroporated ones of the same brains. IUE of 

GFP into embryos at E12.5 demonstrates almost all double positive cells reside in normal CLA of 
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control brains (≈89.94%, n = 10), but IUE of GFP into Nurr1 deficient embryos reduces the 

proportion to ≈15.44% (n = 9), depicting Nurr1 deficient cells largely migrate across Tle4+ L6 

cells and disperse in InC. Nurr1-GFP bicistronic electroporation into mutant embryos restricts the 

Nurr1-Cterm+ cells in the CLA area, elevating the proportion by ~3.51 ± 0.22 folds (≈69.63% ± 

3.47%, p < 0.0001, ****; n = 9) relative to that of GFP IUE into mutant embryos. Moreover, 

Gnb4/Gng2 co-electroporation into mutant embryos restricts a subpopulation of Nurr1-Cterm+ 

cells in the CLA area, elevating the proportion by ~2.23 ± 0.24 folds (≈49.89% ± 3.70%, p < 

0.0001, ****; n = 9) relative to that of GFP IUE into mutant embryos. Notably, the Nurr1-Cterm+ 

cells in the Nurr1- or Gnb4/Gng2-electroporated mutant hemispheres are visibly less in InC areas 

than their non-electroporated contralateral hemispheres. The statistical data are analyzed by two-

tailed Student’s t-test (the same below). Scale bar: 100 µm. 

(C, D) IF for Nurr1-Cterm (red) and Tle4 (green) on the sagittal brain slices of control and 

EmxCre mutant brains (C) and quantification for the proportions of Nurr1-Cterm+ cells resident 

in CLA (red bars) relative to all Nurr1-expressing cells (D). The brain slices were prepared at 

E15.5 and cultured for 6 days in vitro (DIV). The Nurr1+ CLA neurons (≈92.29%, n=4) are 

properly positioned in control brains, but only a small fraction of Nurr1-Cterm+ cells (≈8.78%, 

n=5) can be detected posterior to Tle4+ DL neurons in Nurr1 deficient slices. (D) The proportion 

of Nurr1-Cterm+ cells in CLA of mutant brains is increased by ~5.58 ± 0.65 folds when NF449 

(10 µm) was applied (≈57.74% ± 5.72%, p < 0.0001, ****; n = 5), but not significantly altered 

when pertussis toxin (PT, 100 ng/ml) was applied (≈18.65% ± 4.62%, p = 0.062, ns; n = 6), 

relative to that of untreated mutant brains. White arrowheads in (C) and (G) indicate the Nurr1-

expressing cells in InC. Scale bar: 200 µm. 

(E, F) IF for Nurr1-Cterm (red) and phosphorylated PKA substrates (green) on the sagittal 

sections of control and EmxCre mutant brains at P2 (E) and quantification for the proportions of 

double positive cells relative to all Nurr1-expressing cells (F). The Nurr1-Cterm+ cells in Nurr1 

deficient brains exhibit tremendously elevated levels of PKA substrate phosphorylation 

(≈69.07% ± 2.14%, n = 6) compared with that of control brains (≈2.06%, n = 6). 

(G, H) IF for Nurr1-Cterm and Tle4 on the sagittal brain slices and quantification for the 

proportions of Nurr1-expressing cells in CLA as in (C, D). Rp-cAMP (100 µm) treated Nurr1+ 

cells in control brains are mostly located in CLA (≈90.05%, n=5), and seem normal as that of 

untreated control brains (≈92.29%, D). The proportion of Nurr1-Cterm+ cells in the CLA of Rp-
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cAMP treated mutant hemispheres is increased up to ≈59.30% ± 5.28% (p < 0.0001, ****; n = 5) 

in comparison to that of untreated mutant hemispheres (≈13.96%, n = 5). 
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