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                                                 Abstract 

  

The thalamus is a brain region consisting of neuronal clusters and with a large number of 

connections which are responsible for several important functions including cognitive 

functions. It serves as a major relay centre, transmitting and modulating information between 

the cerebral cortex and subcortical structures. Given its involvement in higher-order cognitive 

functions, abnormalities in thalamic development have been implicated in various 

neurodevelopmental disorders, including schizophrenia and autism spectrum disorders. 

However, the developmental process of these nuclei in the human brain is still unknown. 

Understanding the developmental trajectory of the thalamus in humans is essential for several 

reasons. Firstly, while rodent models have provided insights into thalamic development, there 

are significant species-specific differences in the timing, organization, and molecular 

regulation of thalamic nuclei formation. These differences necessitate direct investigation of 

human developmental processes to bridge the gap between animal models and human 

neurodevelopment. Secondly, delineating how thalamic nuclei emerge during early foetal 

development may provide critical information on the origins of functional specialization within 

the thalamus, shedding light on how distinct neuronal populations are specified and how their 

connectivity is established. Finally, by identifying molecular markers and gene expression 

patterns specific to early thalamic development, we can gain a deeper understanding of the 

genetic and cellular mechanisms that may contribute to neurodevelopmental disorders, 

potentially informing future diagnostic and therapeutic approaches. 

 

This study aims to investigate gene expression patterns in the human thalamus, extending from 

8 to 21 PCW, in order to track the development of each thalamic nucleus. Additionally, we 

focus on 14 PCW to identify distinct thalamic nuclei based on the expression of a unique 

combination of transcription factors and other genes/proteins. We also aim to investigate the 

expression of susceptibility genes linked to neurological diseases such as FEZ1, NRXN1 

regarding their expression in specific thalamic nuclei. 

 

The methods we used are immunostaining and RNAscope in situ hybridisation, including 

double staining methods for multiple markers. Sections were taken from human early foetal 

brains (ethically sourced and supplied by the Human Developmental Biology Resource), in all 

planes and covering the extent of the diencephalon. Sections taken at 14 PCW were aligned 

with 3-D maps of the forebrain collected by structural MRI scanning. The expression of 
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combinations of markers were localised to particular regions of the thalamus. We also analysed 

open source scRNAseq data with the aim of identifying clusters of cells grouped by shared 

gene expression patterns. We also investigated the expression of neurodevelopmental disease 

susceptibility genes in specific nuclei and cell types of the thalamus and telencephalon. 

 

This study provides significant insights into the early development of the human thalamus and 

telencephalon. The study highlights distinct gene expression patterns and the emergence of 

thalamic nuclei from a protomap. Our findings demonstrate that different transcription factors 

and molecular markers define specific thalamic regions, reinforcing the concept that a 

structured thalamic map begins to emerge by 14 PCW. Furthermore, we identified 15 distinct 

groups of cells with functional characteristics, supporting the notion that thalamic 

differentiation is an intricate and highly regulated process. It also implicates that neurogenesis 

and extensive cellular migration are critical processes during this crucial period. 

 

The differential expression of neurodevelopmental disease susceptibility genes in the thalamus 

further underscores the importance of studying early thalamic development in the context of 

neurological disorders. The high expression of FEZ1 in progenitor cells, transitioning to 

glutamatergic neurons, and the elevated presence of NRXN1 in the thalamus suggest potential 

roles in neuronal connectivity and function. These findings may provide critical clues for 

understanding the etiology of conditions such as schizophrenia, where thalamic dysfunction 

has been implicated. 

 

Overall, this study bridges a crucial gap in our knowledge of human thalamic development, 

and lay the foundation for future research into the molecular mechanisms underlying thalamic 

organization. Further investigations, including functional studies and longitudinal analyses, 

will be essential for uncovering how early developmental events shape thalamic function and 

its implications for neurodevelopmental and neuropsychiatric disorders. 

 

 

 

 

 

 

 



12 
 

List of figures: 

 

Figure 1.1 Left lateral view of human embryos. ...................................................................... 37 

Figure 1.2 The development of the brain. ................................................................................ 39 

Figure 1.3 The four distinct signalling centres of the forebrain.. ............................................ 39 

Figure 1.4 The subdivision of the telencephalon.. ................................................................... 41 

Figure 1.5. Schematic representation of the diencephalon in a mouse, embryonic day (E10) 

lateral view.. ............................................................................................................................. 42 

Figure 1.6 The diencephalon progenitor domains and instances of transcription factor 

expression patterns in mice.. .................................................................................................... 44 

Figure 1.7 Schematic chronology of signalling events throughout the development of the 

thalamus in zebrafish embryos................................................................................................. 48 

Figure 1.8. Classification of thalamic nuclei in human, showing several nuclei and their 

positions.. ................................................................................................................................. 50 

Figure 1.9. Schematic representation of the sensory input pathway in the central nervous 

system (CNS).  . ....................................................................................................................... 51 

Figure 1.10. Illustrates two types of thalamic nuclei based on their cortical input in mice.. .. 53 

Figure 1.11. The relationships between the developing thalamocortical projections and the 

cortical SP zone, and the interactions between corticothalamic projections and the thalamic 

reticular nucleus, during mouse development at embryonic day 15. ....................................... 55 

Figure 1.12. Comparison of the developmental timelines of the neocortex and TCA in the 

mouse, marmoset, and human. ................................................................................................. 62 

Figure 1.13. Model of the pulvinar complex, subdivided into anterior pulvinar, medial 

pulvinar, lateral pulvinar, and inferior pulvinar. ...................................................................... 66 

Figure 2.1. Plane selection steps in 3D models of Amira program.......................................... 87 

Figure 2.2. Landmark steps in 3D models of Amira program. ................................................ 87 

Figure 2.3. Signal filtration steps in 3D models of Amira program. ....................................... 88 

Figure 2.4 Slice mapping steps in 3D models of Amira program. ........................................... 88 

Figure 3.1. Identification of cell types found in each cluster generated from NEMO, for the 

time point and brain region 16 PCW (thalamus from a human).. ............................................ 93 

Figure 3.2. Quiescent progenitors and astrocytes. ................................................................... 95 

Figure 3.3. GFAP expression in the human thalamus at 19 PCW. ......................................... 100 

Figure 3.4. Example marker genes expressed highly in cluster 2 (GABAergic neurons). .... 104 



13 
 

Figure 3.5. Gene expression in cluster 3. ............................................................................... 107 

Figure 3.6. Expression maps for six genes. ........................................................................... 110 

Figure 3.7. ki67 in the thalamic VZ at 14 PCW. .................................................................... 112 

Figure 3.8. Gene expression detection in cluster 9 (immature neuron and neuronal 

progenitors). ........................................................................................................................... 113 

Figure 3.9. The expression of genes in clusters 1, 6, 10, 11, and 12 (glutamatergic neurons)..

................................................................................................................................................ 117 

Figure 3.10. Expression of genes in cluster 8 (pericyte and endothelial cells). ..................... 120 

Figure 3.11. Specific gene expression in cluster 13.. ............................................................. 122 

Figure 3.12. Specific gene expression in cluster 14.. ............................................................. 124 

Figure 4.1. Identification of cell types found in each cluster generated from NEMO, for time 

point and brain region 16 PCW -thalamus.. ........................................................................... 132 

Figure 4.2. Immunoperoxidase histochemistry of SHH, ZIC4, GBX2, FOXP2, OTX2, SP8, 

NR2F1, NR2F2, OLIG2 at the 8 PCW sagittal section. ........................................................ 134 

Figure 4.3. Immunostaining GBX2, FOXP2, OTX2 and in situ hybridization of SHH in the 

coronal sections of the anterior thalamus at 8 PCW.. ............................................................ 136 

Figure 4.4. Immunostaining GBX2, FOXP2, OTX2, SP8, NR2F2, PAX6 and in situ-

hybridization of SHH and ZIC4 in coronal sections of the mid-thalamus at 8 PCW. ........... 137 

Figure 4.5. Immunostaining GBX2, FOXP2, SP8 and in situ-hybridization of SHH and ZIC4 

anterior coronal sections at 8 PCW.. ...................................................................................... 138 

Figure 4.6. Immunostaining of coronal section at 10 PCW.. ................................................. 140 

Figure 4.7. Immunostaining of CALB2, CALB1, PAX6, NR2F1, GAD67, OTX2, NR2F2, 

FOXP2 and GBX2 in the human thalamus at 14 PCW. ......................................................... 142 

Figure 4.8. Immunostaining of CALB2, CALB1, OTX2, GAD67, ASCL1, OLIG2, NR2F1, 

NR2F2, GBX2, FOXP2, SP8 and PAX6 in the human thalamus at 14 PCW anterior 

dorsal………………………………………………………………………………………..144 

Figure 4.9. Immunostaining of CALB2, CALB1, OTX2, NR2F1, NR2F2, PAX6, GAD67, 

FOXP2, GBX2 and SP8 in the human thalamus more posterior ventral at 14 PCW. ............ 146 

Figure 4.10. Immunostaining of CALB2, CALB1, NR2F1, NR2F2, GAD67, GBX2, FOXP2, 

PAX6, and SP8 in the human thalamus, most posterior ventral at 14 PCW. ......................... 148 

Figure 4.11. Immunostaining of CALB1, CALB2, NR2F2, NR2F1, SP8, FOXP2, GBX2, 

GAD67 and PAX6 in the human thalamus more posterior ventral at 14 PCW.. ................... 150 

Figure 4.12. In situ hybridization for ZIC4 at 14 PCW. m. ................................................... 152 

Figure 4.13. In situ hybridization for SOX14 at 14 PCW.. .................................................... 154 



14 
 

Figure 4.14. Double labelling between GAD67 (green) and SOX14 (red) at 14 PCW.. ....... 156 

Figure 4.15. Double labelling of PAX6 (green) and NR2F2 (red) at 14 PCW. ..................... 157 

Figure 4.16. Double labelling of GBX2 (red) and SP8 (green) at 14 PCW in the most 

posterior ventral section. ........................................................................................................ 158 

Figure 4.17. Double labelling GBX2 (red) and SP8 (green) at 14 PCW in the posterior ventral 

section. ................................................................................................................................... 159 

Figure 4.18. A summary of transcription factor expression in emerging thalamic nuclei within 

proliferative and post-mitotic compartments. ........................................................................ 166 

Figure 5.1 Thestructure and function of neurexin 1............................................................... 169 

Figure 5.2 Interaction between Neurexin (NRXN) and Neuroligin (NLGN) at a synapse. .. 170 

Figure 5.3. NRXN1 gene expression in the cortex across development.. ............................. 175 

Figure 5.4. (A) Single-cell NRXN1 RNAseq data for the cerebral cortex at 17/18 PCW taken 

from solo.bmap.ucla.edu/shiny/webapp/.. ............................................................................. 176 

Figure 5.5. In situ hybridization for NRXN1 mRNA expression in the medial sagittal section 

at 8PCW.. ............................................................................................................................... 178 

Figure 5.6. In situ hybridization for NRXN1 mRNA expression and NR2F1 immunostaining 

in the medial sagittal section at 8PCW.. ................................................................................. 179 

Figure 5.7. In situ hybridization for NRXN1 mRNA expression in a coronal section at 10 

PCW posterior region. ........................................................................................................... 181 

Figure 5.8. Double immunofluorescence staining for NRXN1 and the dividing cell marker 

KI67 in a coronal section of 10PCW human foetal brain.. .................................................... 182 

Figure 5.9.  Immunofluorescence double labelling for NRXN1 and PAX6 in a coronal section 

of 10 PCW human brain. ....................................................................................................... 183 

Figure 5.10. NRXN1 immunostaining in a coronal section of the 12 PCW human brain. .... 184 

Figure 5.11. NRXN1 mRNA expression in a coronal section at 14 PCW.. ........................... 186 

Figure 5.12. NRXN1 mRNA (red) expression combined with GAD67 (green) 

immunofluorescence in the coronal section 14 PCW foetal human thalamus. ...................... 187 

Figure 5.13. In situ hybridization of NRXN1 mRNA expression (red) combined with FOXP2 

immunofluorescence on the human thalamus ventral posterior sections at 14 PCW (A)...... 188 

Figure 5.14. Double labelling immunofluorescence FOXP2 (red) combined with NRXN1 

(green) in the human thalamus posterior dorsal sections at 14 PCW.. ................................... 189 

Figure 5.15. Double Immunofluorescence for NRXN1 and GAD67 in human cortex coronal 

sections at 16 PCW.. .............................................................................................................. 190 



15 
 

Figure 5.16 In situ hybridization of NRXN1 mRNA expression in the posterior coronal 

section at 19 PCW. ................................................................................................................. 191 

Figure 5.17. In situ hybridization of NRXN1 mRNA expression at 21 PCW. ...................... 193 

Figure 6.1 FEZ proteins cytoplasmic function as transport bivalent adaptors.. .................... 203 

Figure 6.2 FEZ proteins serve a nuclear function as a scaffold between nuclear receptors 

(retinoic acid receptor) and transcriptional machinery. ......................................................... 204 

Figure 6.3. FEZ1 gene expression in the cortex across development. ................................... 206 

Figure 6.4. FEZ1 expression: transcriptomic analysis. .......................................................... 208 

Figure 6.5. In situ hybridization of FEZ1 expression at 8 PCW.. .......................................... 210 

Figure 6.6. In situ hybridization of FEZ1 expression at 8 PCW.. .......................................... 211 

Figure 6.7. FEZ1 expression; protein and RNAscope 8-10 PCW.. ....................................... 212 

Figure 6.8.  Immunofluorescence double labelling for FEZ1 and KI67 in a coronal section of 

10 PCW human brain. ............................................................................................................ 213 

Figure 6.9. FEZ1 immunostaining in a coronal section of the 12 PCW human brain. .......... 214 

Figure 6.10. FEZ1 mRNA expression combined with GAD67 immunofluorescence in the 

coronal section of the foetal human thalamus at 14 PCW.. ................................................... 215 

Figure 6.11. FEZ1/GAD67 immunofluorescence at 16 PCW. ............................................... 217 

Figure 6.12. Double immunofluorescence for FEZ1 and GAP43; coronal section 16 PCW. 218 

Figure 6.13. FEZ1 expression in axons At 19 PCW. ............................................................. 219 

Figure 6.14. FEZ1 expression: RNAscope at 21 PCW. ......................................................... 221 

Figure 6.15.  Whole tissue RNAseq performed on 138 cortical samples at various 

developmental stages (PCW). ................................................................................................ 223 

 

 

 

 

 

 

 

 

 



16 
 

List of tables 

 

Table 1.1 Carnegie stages 23, the embryo transitions into the foetal stage (week 8) ............................ 38 

Table 2.1 Human foetal samples distributed by age and sectioning orientation. (Abbreviations: Human 

Developmental Biology Resource (HDBR)). ....................................................................................... 75 

Table 2.2. General materials. ................................................................................................................ 77 

Table 2.3 Manufacturer and catalogue number of each serum used for blocking. ................................ 77 

Table 2.4 Primary antibodies ................................................................................................................ 78 

Table 2.5 Secondary antibodies used for immunostaining. ................................................................... 79 

Table 2.6 Components of solutions commonly used for IF. .................................................................. 83 

Table 2.7.  RNAScope kits. ................................................................................................................... 83 

Table 2.8 Components of solutions commonly used for RNAscope. ................................................... 84 

Table 2.9.  RNAscope in situ hybridization probes used. ..................................................................... 84 

Table 2.10. Fluorophore information. ................................................................................................... 85 

Table 3.1. Quiescent progenitors and astrocytes (0, 5, 7). .................................................................... 96 

Table 3.2. The 28 genes expressed most highly in cluster 2 (GABAergic neurons). .......................... 105 

Table 3.3. Genes expressed highly in cluster3 (GABAergic neuron precursors and oligodendrocyte 

precursor cells).. .................................................................................................................................. 108 

Table 3.4. The 26 genes expressed most highly in cluster 4 (dividing cells). ..................................... 111 

Table 3.5. The 29 genes expressed most highly in cluster 9 (immature neurons and progenitor cells)..

 ............................................................................................................................................................ 114 

Table 3.6. The transcription factors expressed in (glutamatergic neurons).. ....................................... 118 

Table 3.7. The 30 genes expressed most highly in cluster 8 (pericytes and endothelial cells).. ......... 121 

Table 3.8. The 28 genes expressed most highly in cluster 13 (red blood cell).. .................................. 123 

Table 3.9. The 26 genes expressed most highly in cluster 14 (microglial cells).. ............................... 125 

 

 

 

 

 

 

 



17 
 

List of abbreviations 

 

4’,6-diamidino-2-phenylindole (DAPI) 

Abnormal spindle-like microcephaly-associated protein (ASPM) 

Achaete-scute family BHLH transcription factor 1 (ASCL1) 

Actin-related protein 2/3 complex subunit 1B (ARPC1B) 

Adhesion G-protein coupled receptor gene 1 (ADGRG1) 

A-kinase anchoring protein 9 (AKAP9) 

Aldolase, fructose-bisphosphate C (ALDOC) 

Alexa Fluor 488 (AF488) 

Allograft inflammatory factor 1 (AIF1) 

Alpha globin (HBA1) 

Alpha globin (HBA2) 

Alpha hemoglobin stabilizing protein (AHSP) 

Alpha neurexins (αNRXNs) 

Alpha synuclein (SNCA) 

Alpha-2-macroglobulin (A2M) 

3-aminolevulinate synthase 2 (ALAS2) 

Amygdala (Ag) 

Anterior (A) 

Anterior nucleus (AN) 

Anterior pulvinar (PulA) 

Anterodorsal AD 

Anteroventral nucleus (AV) 

Antigen Kiel-67 (Ki67) 

Apolipoprotein D (APOD) 

Apolipoprotein E (APOE) 

Aquaporin 4 (AQP4) 

Aqueous (aq) 

Arp2/3 complex protein 2 (ARPP2) 

Astrocytes (AS) 

Attention deficit hyperactivity disorder (ADHD) 

Autism spectrum disorders (ASD) 



18 
 

Autism, susceptibility to, type 15 (AUTS15) 

Axis Inhibition Protein 2 (Axin2) 

Basic helix-loop-helix (bHLH) 

Bcl-2-like protein 1 (BCL2L1) 

Bervican core protein (BCAN) 

Beta globin (HBB) 

Beta neurexins (βNRXNs) 

Biglycan (BGN) 

Cytochrome b-245 alpha chain (CYBA) 

Fibronectin 1 (FN1) 

Biliverdin reductase B (BLVRB) 

Bone morphogenetic proteins (BMPs) 

T-box brain 1 (TBR1) 

Brain abundant membrane attached signal protein 1 (BASP1) 

Calbindin 1 (CALB1) 

Calbindin 2 (CALB2) 

Calcium/calmodulin-dependent serine protein kinase (CASK) 

Caldesmon 1 (CALD1) 

Calmodulin 2 (CALM2) 

Calponin 3 (CNN3) 

Carboxypeptidase E (CPE) 

Carboxypeptidase E (CPE) 

Cathepsin B (CTSB) 

Caudal ganglionic eminence (CGE) 

Caudal ganglionic eminences (CGE) 

Caudal thalamic progenitor domain (pTh-C) 

Caudal thalamus (cTh-C) 

Caudate (Ca) 

Caudodorsal (MDcd) 

C-C motif chemokine ligand 3-like 3 (CCL3L3) 

C-C motif chemokine ligand 4-like 2 (CCL4L2) 

Cell division cycle 20 (CDC20) 

Central lateral nucleus (CL) 

Central medial nucleus (CeM) 



19 
 

Central nervous system (CNS) 

Centrolateral nucleus of the PuI (PuIcl) 

Centromedial (PuIcm) 

Centromedian (CM) 

Centromedian nucleus (CM) 

Centromere protein A (CENPA) 

Centromere protein F (CENPF) 

Cerebral development expression viewer (CoDEx) 

Cervical flexure (CF) 

Chemokine ligand 3 (CCL3) 

Chicken ovalbumin upstream promotor-transcription factor 1/2 (COUP-TF 1/2) 

Choroid plexus (ch P) 

Chromosome 1 open reading frame 54 (C1orf54) 

Chromosome 1 open reading frame 61 (C1orf61) 

Claudin-5 (CLDN5) 

Claustrum (Cl) 

Cluster of differentiation 20 (CD20) 

Cluster of differentiation 24 (CD24) 

Cluster of differentiation 83 (CD83) 

Collagen, type IV, alpha 1 (COL4A1) 

Collagen, type IV, alpha 2 (COL4A2) 

Colony stimulating factor 1 (CSF1) 

Complement C3b/C4b receptor 1 like (CR1L) 

Interferon-induced protein tetratricopeptide repeats 1B (IFIT1B) 

Contactin alpha (CNTNA) 

Contactin-associated protein-like 2 (CNTNAP2) 

Cornu Ammonis 1 (CA1) 

Cortex (CRX) 

Cortex (Crx) 

Cortical development expression viewer (CoDEx) 

Cortical dysplasia-focal epilepsy (CDFE) 

Cortical plate (CP) 

Corticothalamic (CT) 

Coxsackievirus and adenovirus receptor (CXADR) 

https://www.sciencedirect.com/topics/neuroscience/centromedian-nucleus


20 
 

CUGBP, Elav-like family member 2 (CELF2) 

Cyanine fluorescent dye 3 (cy3) 

Cyclin A2 (CCNA2) 

Cyclin B1 (CCNB1) 

Cyclin B2 (CCNB2) 

Cyclin dependent kinase 1 (CDK1) 

Cyclin-dependent kinase inhibitor 2 (CDKN2) 

Cyclin-dependent kinase regulatory subunit 2 (CKS2) 

Cystatin 3 (CST3) 

Cytoskeleton-associated protein 2 (CKAP2) 

Cytoskeleton-associated protein 2 (CKAP2) 

C-X3-C motif chemokine receptor 1 (CX3CR1) 

Dedicator of cytokinesis 6 (DOCK6) 

Deleted in liver cancer 1 (DLC1) 

Delta like protein A (DeltaA) 

Diaminobenzidine (DAB) 

Diazepam binding inhibitor (DBI) 

Dibutylthalate polystyrene xylene (DPX) 

Diencephalic/telencephalic boundary (DTB) 

Diencephalon (D) 

Disrupted in schizophrenia 1 (DISC1) 

DNA binding domain (DBD) 

Docking protein 5 (DOK5) 

Dorsal (Dor) 

Dorsal lateral geniculate thalamic nuclei (dLGN) 

Dorsomedial nucleus of the Pul (Puldm) 

Doublecortin (DCX) 

Doublecortin-expressing (DCX+) 

Drosophila distal-less homeobox 1 (DLX1) 

Drosophila distal-less homeobox 5 (DLX5) 

Early growth response protein 1 (EGR1) 

Embryonic day (E) 

Endothelin receptor type B (EDNRB) 

Epidermal growth factor-like (EGF-like) 



21 
 

Epithalamus (Epith) 

Eukaryotic translation elongation factor 1 beta 2 (EEF1B2) 

Eva-1 homolog B (EVA1B) 

Family with sequence similarity 210 member B (FAM210B) 

Solute carrier family 40 member 1 (SLC40A1) 

Fasciculation and elongation protein zeta-1 (FEZ1) 

Fasciculation and elongation protein zeta-2 (FEZ2) 

Fatty acid binding protein 5 (FABP5) 

Fatty acid binding protein 7 (FABP7) 

Fc receptor of IgG, receptor, transporter, alpha chain (FCGRT) 

Ferric chelate reductase 1 (FRRS1) 

Ferritin heavy chain 1 (FTH1) 

Ferritin light chain (FTL) 

Ferrochelatase (FECH) 

Fibroblast growth factors (FGFs) 

Fibrogen growth factor receptor 3 (Fgfr3) 

First order (FO) 

Forkhead box protein (FOXP)   

Forkhead box protein 1 (FOXP1) 

Forkhead box protein 2 (FOXP2) 

Forkhead box protein G1 (FOXG1) 

Fos proto-oncogene (FOS) 

Gamma-Aminobutyric acid (GABA) 

Ganglionic eminence (GE) 

Gap junction alpha-1 protein (GJA1) 

Gastrulation Brain Homeobox 2 (GBX2) 

Gestation week (GW) 

Glial fibrillary acidic protein (GFAP) 

Globus pallidus (GP) 

Glutamate decarboxylase 1 (GAD1) 

Glutamate decarboxylase 2 (GAD2) 

Glutamate decarboxylase 67 (GAD67) 

Glutamate dehydrogenase 1 (GLUD1) 

Glutamate receptor-interacting protein 2 (GRIP2) 



22 
 

Glycophorin A (GYPA) 

Glycophorin C (GYPC) 

Glycoprotein M6B (GPM6B) 

Growth arrest and DNA damage inducible beta (GADD45B) 

Growth associated protein 43 (GAP43) 

GTPase of the immune-associated nucleotide-binding protein 1 (GIMAP1) 

Guanine nucleotide-binding protein, gamma 3 (GNG3) 

H3.3 histone B (H3F3B) 

Chemokine ligand 14 (CXCL14) 

Habenula (Ha) 

Haematoxylin and eosin (H&E) 

Hairy and enhancer of split homolog-1 (HES1) 

Hairy and enhancer of split homolog-5 (HES5) 

Hairy-like factor 6 (Her6) 

Heart (Ht) 

Haemogen (HEMGN) 

Haemoglobin subunit alpha 1 (HBA1) 

Haemoglobin subunit gamma-1 (HBG1) 

Haemoglobin subunit gamma-2 (HBG2) 

Haemoglobin subunit Mu (HBM) 

Haemoglobin subunit theta-1 (HBQ1) 

Hey-related bHLH Transcription Factor (HELT) 

Higher order (HO) 

High-mobility group protein 2 (HGMP2) 

Hippocampus (Hipp) 

Histone deacetylase (HDAC11) 

Histone deacetylase 9 (HDAC9) 

Homeobox B4 (HOXB4) 

Homeodomain-only protein (HOPX) 

Horseradish peroxidase (HRP) 

Human Developmental Biology Resource (HDBR) 

Human induced pluripotent stem cells (hiPSCs) 

4-hydroxy-3-methylglutaryl CoA synthase 1 (HMGCS1) 

Hypothalamus (HyTH) 



23 
 

Hypothalamus golgi apparatus expressed 19 kDa protein (HMP19) 

Hypoxia-inducible domain containing protein B (HIGDIB) 

Immediate early response 3 (IER3) 

Immunofluorescence (IF) 

Immunohistochemistry (IHC) 

Inferior pulvinar (PulI) 

Inferior pulvinar (PulI) 

Inhibitor of DNA binding (Id) 

Inhibitor of DNA binding 2 (ID2) 

Inner fiber layer (IFL) 

Insulin-like growth factor 1 (IGF1) 

Insulin-like growth factor binding protein 7 (IGFBP7) 

Integral membrane protein 2B (ITM2B) 

Inter-alpha-trypsin inhibitor heavy chain 5 (ITIH5) 

Intercellular adhesion molecule 2 (ICAM2) 

Interferon-induced transmembrane protein 3 (IFITM3) 

Intermediate zone (IZ) 

Internal capsule (IC) 

Intramedullary nucleus (IMN) 

Iroquois-type transcription factor (IRX3), 

Isopentenyl-diphosphate delta isomerase 1 (IDI1) 

Jun proto-oncogene (JUN) 

Karyopherin subunit alpha-2 (KPNA2) 

Keratin 1 (KRT1) 

Kilo Dalton (kDa) 

Kinesin family member 11 (KIF11) 

Kinesin family member 2 C (KIF2C) 

Kinesin light chain 1 (KLC1) 

Knockout (KO) 

Lateral dorsal (LD)  

Lateral dorsal nucleus (LD) 

Lateral ganglionic eminence (LGE) 

Lateral geniculate nucleus (LGN) 

Lateral geniculate nucleus dorsal (LGNd) 

https://www.sciencedirect.com/topics/neuroscience/lateral-geniculate-nucleus


24 
 

Lateral geniculate thalamic nuclei (LGN) 

Lateral mediodorsal nuclei (MDI) 

Lateral posterior nucleus (LP) 

Lateral pulvinar (PulL) 

Lateral pulvinar nucleus (PulL) 

Lateral PuM (PulMl) 

Leucine zipper protein 2 (LUZP2) 

Ligand binding domain (LBD) 

Retinoic acid response element (RARE) 

Ligand-neutralizing sequence (LNS) 

LIM domain only 1 (LMO1) 

LIM Homeobox (LHX) 

LIM Homeobox 1 (LHX1) 

LIM Homeobox 2 (LHX2) 

LIM Homeobox 5 (LHX5) 

LIM Homeobox 9 (LHX9) 

Limbic system associated membrane protein (LSAMP) 

Liver (Li) 

Long intergenic non-protein coding RNA 152 

Lung (Lg) 

Lymphocyte antigen 6 family member H (LY6H) 

Lymphoid enhancer binding factor 1 (Lef1) 

Lysosomal-associated protein transmembrane 5 (LAPTM5) 

Magnetic resonance (MR) 

Magnetic resonance imaging (MRI) 

Magnocellular (MDmc) 

Makorin ring finger protein 1 (MKRN1) 

MARCKS like-1 (MARCKSL1) 

Marginal zone (MZ) 

Marker of proliferation Ki 67 (MKI67) 

Maternally expressed gene 3 (MEG3) 

Medial caudal ganglionic eminences (mCGE) 

Medial dorsal (MD) 

Medial ganglionic eminences (MGE) 



25 
 

Medial geniculate nucleus (MGN) 

Medial geniculate nucleus ventral (MGNv)  

Medial mediodorsal nucleus (MDm) 

Medial pulvinar (PulM) 

Medial pulvinar nucleus (PulM) 

Median geniculate nucleus (MGN) 

Mega base pair (Mbp) 

Membrane palmitoylated protein 1 (MPP1) 

Mesencephalon (M)  

Metallothionein 1E (MT1E) 

Metallothionein 2A (MT2A) 

Metallothionein 3 (MT3) 

Microsomal glutathione S-transferase 1 (MGST1) 

Microtubule-associated protein Tau (MAPT) 

Mid diencephalic organizer (MDO) 

Midgut (Mg) 

Milk fat globule-EGF factor 8 protein (MFGE8) 

MIS18 binding protein 1 (MIS18BP1) 

Mitogen activated protein 1B (MAP1B) 

Mitogen activated protein 2 (MAP2) 

Mitogen activated protein kinase 3/Phosphoinositide 3-kinase (MAPK/PI3K) 

Mitogen-activated protein kinase kinase-3 (MAP2K3) 

N-myc downstream regulated gene 2 (NDRG2) 

Myocardial infarction associated transcript (MIAT) 

Myocyte enhancer factor 2 C (MEF2C) 

Myosin light chain 12A (MIL12A) 

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 (NDUFA4L2) 

Neural stem cells (NSCs) 

Neurexin (NRXN) 

Neurexin 1 (NRXN1) 

Neurexin 1-alpha (NRXN1α) 

Neurexin 1-beta (NRXN1β) 

Neurexin 1-gamma (NRXN1γ) 

Neurexin 2 (NRXN2) 

https://www.sciencedirect.com/topics/neuroscience/medial-geniculate-nucleus


26 
 

Neurexin 3 (NRXN3) 

Neurexin 4 alpha (NRXN4) 

Neurexin alpha (NRXNα) 

Neurexin beta (NRXNβ) 

Neurexin-1 alpha (NRXN1) 

Neurexin-2 alpha (NRXN2) 

Neurexins (NXRN), 

Neuritin 1 (NRN1) 

Online Mendelian Inheritance in Man (OMIM) 

Olfactomedin 1 (OLFM1) 

Neurocan (NCAN) 

Neurodevelopmental disorders (NDDs) 

Neurofilament light chain (NEFL) 

Neurogenic differentiation 4 (NEUROD4) 

Neurogenic differentiation 6 (NEUROD6) 

Neurogenin 1 (NGN1) 

Neurogenin 2 (NGN2) 

Neuroligin/neurexin (NLGN/NRXN) 

Pertaining to or affecting the neurotransmitter gamma-aminobutyric acid (GABAergic) 

Neuroligins (NLGNs) 

Neuronal membrane glycoprotein M6B (GPM6B) 

Jun proto-oncogene B (JUNB) 

Neuropeptide Y (NPY) 

Neuroscience Multi-Omic Analytics (NEMO) 

Neurotrimin (NTM) 

Neurotrophic tyrosine receptor kinase 2 (NTRK2) 

Nitric oxide synthase 3 (NOS3) 

NK2 Homeobox 2 (NKX2.2) 

Normalized reads per kilobase of exon per million mapped reads (RPKM) 

Nova alternative splicing regulator 1 (NOVA1) 

Nuclear enriched abundant transcript 1 (NEAT1) 

Nuclear factor 1-A type (NF1A) 

Nuclear factor 1-B type (NF1B) 

Nuclear Receptor Family1/ 2 NR2F1/2 



27 
 

Nuclear Receptor Subfamily 2 Group F Member 2 (NR2F2) 

Nuclear Receptor Subfamily 4 Group A Member 2 (NR4A2) 

Nuclear ubiquitous casein and cyclin-dependent kinases substrate 1 (NUCKS1) 

Nucleolar and associated protein 1 (NUSAP1) 

Oligodendrocyte precursor cells (OPC) 

Oligodendrocyte transcription factor 1 (OLIG1) 

Oligodendrocyte transcription factor (OLIG2) 

Oligodendrocyte Transcription factor 3 (OLIG3) 

Orthodenticle homeobox 2 (OTX2) 

Outer subventricular zone (oSVZ) 

Paired box 6 (PAX6) 

Paired box gene 2 (PAX2) 

Paracentral nucleus (Pc) 

Parafascicular nucleus (PF) 

Paratenial nucleus (Pt) 

Parvalbumin (PVALB) 

Parvocellular (MDpc) 

Paternally expressed gene 10 (PEG10) 

Peripheral myelin protein 2 (PMP2) 

Pertaining to or affecting the neurotransmitter gamma-aminobutyric acid (GABAergic) 

Phosphate buffer saline (PBS) 

Phosphoglucomutase 2 (PGM2) 

Phosphoglucomutase 2 like 1 (PGM2L1) 

Phosphohydroxythreonine aminotransferase (PSAT) 

Phospholipid phosphatase 3 (PLPP3) 

Pim-1-proto-oncogene, serine/threonine kinase (PIM1) 

Pitt-Hopkins-like syndrome-1 (PTHSL1) 

Platelet-derived growth factor receptor A (PDGFRA) 

Pleiotrophin (PTN) 

Pleiptrophin-protein tyrosine phosphatase receptor type Z (PTN-PTPRZ1) 

Pontine fexure (PF) 

Post synaptic density protein, Drosophila disc large tumour suppressor, and Zonula-

occludens-1 protein (PDZ) 

Post-conception weeks (PCW) 



28 
 

Posterior (Pos) 

Posterior medial (PM) 

Posteroventral PV 

Potassium-calcium activated channel 3 (KCNN3) 

Prefrontal cortex (PFC) 

Presubplate (pSP) 

Prethalamus (PTh) 

Pretectum (PTc) 

Principle component analysis (PCA) 

Profilin 1 (PFN1) 

Prosencephalon (P) 

Prospero homeobox 1 (PROX1) 

Protein kinase C, delta binding protein (PRKCDBP) 

Protein regulator of cytokinesis 1 (PRC1) 

Protein tyrosine phosphatase receptor zeta 1 (PTPRZ1) 

Prothymosin alpha (PTMA) 

Protocadherin 10b (pcdh10b), 

Pulvinar (Pul) 

Pulvinar medial subnucleus (PulMm) 

Pulvinar region (Pulv) 

Purkinje cells (PCs) 

Putamen (Pu) 

Quantitative polymerase chain reaction (qPCR) 

Radial glial (RG) 

Radial glial-like (RGL) 

Ras-homolog gene family B (RHOB) 

Ras-related C3 botulinum toxin substrate 3 (RAC3) 

Reads per kilo base of transcript per million mapped reads (RPKM) 

Reads per kilobase of exon per million mapped reads (RPKM) 

Receptor activity modifying protein 1 (RAMP1) 

Receptor activity modifying protein 2 (RAMP2) 

Regulator of G-protein signaling 10 (RGS10) 

Reticular formation (RF) 

Reticular nucleus (Re) 



29 
 

Reticulon 1 (RTN1) 

Retinoic acid (RA) 

Reuniens nucleus (MV-re) 

Rhombencephalon (R) 

Ribosomal protein L10 (RPL10) 

Ribosomal protein L13 (RPL13) 

Ribosomal protein L13A (RPL13A) 

Ribosomal protein L19 (RPL19) 

Ribosomal protein L21 (RPL21) 

Ribosomal protein L23 (RPL23) 

Ribosomal protein L24 (RPL24) 

Ribosomal protein L30 (RPL30) 

Ribosomal protein L32 (RPL32) 

Ribosomal protein L37A (RPL37A) 

Ribosomal protein L39 (RPL39) 

Ribosomal protein lateral stalk subunit protein 1 (RPLP1) 

Ribosomal protein S8 (RPS8) 

Ribosomal protein S11 (RPS11) 

Ribosomal protein S12 (RPS12) 

Ribosomal protein S13 (RPS13) 

Ribosomal protein S14 (RPS14) 

Ribosomal protein S15 (RPS15) 

Ribosomal protein S15A (RPS15A) 

Ribosomal protein S18 (RPS18) 

Ribosomal protein S19 (RPS19) 

Ribosomal protein S27 (RPS27) 

Ribosomal protein S27A (RPS27A) 

Ribosomal protein S29 (RPS29) 

RNA binding protein Quaking (QKI) 

RNA sequencing (RNAseq) 

RNAScope, 2.5 HD detection Reagent (RED) 

Roof plate-specific spondin-3 (RPSO3) 

Rostral thalamic progenitor domain (pTh-R) 

Rostral thalamus (cTh-R) 

https://www.sciencedirect.com/topics/neuroscience/nucleus-reuniens


30 
 

S100 calcium binding protein A13 (S100A13) 

S100 calcium binding protein B (S100B) 

Ribosomal protein L41 (RPL41) 

Saline sodium citrate (SSC) 

Schizophrenia (SZ) 

Semaphorin 3F (SEMA3F) 

Serine replaced by cysteine at 704 (Ser704Cys) 

Serpin family E member 2 (SERPINE2) 

Serpin family H member 1 (SERPINH1) 

Serum paraoxonase 2 (PON2) 

Shootin 1 (SHTN1) 

Shugoshin 1 or Shugoshin-like 1 (SGOL1) 

Sine Oculis Homeobox Homolog 3 (SIX3) 

Sine Oculis Homeobox Homolog 3 (SIX3) 

Single cell Omics in Low-throughput (SOLO) 

Single cell RNA sequencing (scRNAseq) 

Sodium chloride (NaCl) 

Sodium voltage-gated channel alpha subunit 2 (SCN2A) 

Sodium/potassium transporting ATPase interacting 4 (NKAIN4) 

Sodium/potassium-transporting ATPase subunit alpha-2 (ATP1A2) 

Soluble-N-ethylmaleimide-sensitive component attachment protein 25 (SNAP25) 

Soluble-N-ethylmaleimide-sensitive component attachment protein receptor (SNARE) 

Solute carrier family 17 (SLC17) 

Solute carrier family 17 member 6 (SLC17A6) 

Solute carrier family 17 member 6/Vesicular glutamate transporter 2 (SLC17A6/vGLUT2) 

Solute carrier family 2 member 1 (SLC2A1) 

Solute carrier family 2 member 3 (SLC2A3) 

Solute carrier family 3 member 2 (SLC3A2) 

Solute carrier family 6 member 11 (SLC6A11) 

Solute carrier family 7 member 5 (SLC7A5) 

Solute carrier family 25 member 37 (SLC25A37) 

Solute carrier family 38 member 5 (SLC38A5) 

Sonic Hedgehog (SHH) 

SP zinc finger transcription factor gene family member 8 (SP8) 



31 
 

SPARC/osteonectin, Cwcv and Kazal-like domains proteoglycan (SPOCK) 

Sparc-related modular calcium-binding protein 1 (SMOC1) 

Specificity protein 8 (SP8) 

Spermidine/spermine N1-acetyltransferase 1 (SAT1) 

Spindle component 25 (SPC25) 

Src homology 2 domain containing E protein (SHE) 

Src like adaptor (SLA) 

SRY-box 2 (SOX2) 

SRY-box 9 (SOX9) 

SRY-box transcription factor 14 (SOX14) 

SRY-Box Transcription Factor 2 (SOX2) 

SRY-box transcription factor 28 (SOX28) 

Stathmin 1 (STMN1) 

Stathmin 4 (STMN4) 

STE20 related adaptor beta (STRADB) 

Stratum oriens (SO) 

Stratum pyramidalis (SP) 

Subplate (SP) 

Subventriclar zone (SVZ) 

Subventricular zone (SVZ) 

Supraoptic layer (SP) 

Surface protein 1 (S1) 

Synaptoporin (SYNPR) 

Stearoyl-CoA desaturase 5 (SCD5) 

Syntaxin binding protein 1 (STXBP1) 

Targeting protein for Xklp2 (TPX2) 

T-distributed stochastic neighbour embedding (t-SNE) 

Telencephalon (T) 

Temporal cortex (Temp Crtx) 

Tenascin-R (TNR) 

TGF-beta stimulated clone 22 domain family member 4 (TSC22D4) 

Thalamic eminence (ThEm) 

Thalamic reticular nucleus (TRN) 

Thalamocortical (TC)  



32 
 

Thalamocortical axons (TCA) 

Thalamus (Th) 

Thymosin beta 10 (TMSB10) 

Tissue factor pathway inhibitor (TFPI) 

Tongue (Tn) 

Transcription factor 7-like (TCF7L) 

Transcription factor 7-like 2 (TCF7L2) 

Tris-buffered saline (TBS) 

Tubulin alpha-1 A (TUBA1A) 

Tubulin beta-2 A (TUBB2A) 

Tubulin beta-4 B (TUBB4B) 

Tweety-homolog 1 (TTYH1) 

Tyramide Signal Amplification (TSA) 

TYRO protein tyrosine kinase binding protein (TYROBP) 

Tyrosine-protein kinase (KIT) 

Ubiquitin B (UBB) 

Ubiquitin carboxyl-terminal hydroxylase L1 (UCHL1) 

Umbilical cord (UC)  

Uncoordinated 76 (UNC-76) 

Uniform Manifold Approximation and Projection (UMAP) 

Ventral (Ven) 

Ventral caudal ganglionic eminences (vCGE) 

Ventral lateral (VL) 

Ventral lateral anterior nucleus (VLa) 

Ventral lateral geniculate thalamic nuclei (vLGN) 

Ventral lateral posterior nucleus (VLp) 

Ventral medial (VM);  

Ventral posterior (V)  

Ventral posterior (VP) 

Ventral posterolateral (VPL) 

Ventral posteromedial (VPM) 

Ventral thalamus (vTH) 

Ventral-anterior (VA) 

Ventral-lateral (VL) 



33 
 

Ventricular zone (VZ) 

Ventro lateral (VL) 

Ventroanterior (VA)  

Ventromedial nucleus (VM) 

Ventroposteriolateral (PVM). 

Ventroposteriolateral (VPL) 

Vesicular glutamate transporter 2 (vGLUT2) 

Vessicle-associated membrane protein 2 (VAMP2) 

Vessicle-associated membrane protein 5 (VAMP5) 

Vimentin (VIM) 

Visinin-like protein 1 (VSNL1) 

Wingless/integrated (WNT) 

ZFP36 ring finger like protein 1 (ZFP36L1) 

Zic family member 4 (ZIC4) 

Zic family member 4 (ZIC4) 

Zinc finger homeobox 3 (ZFHX3) 

Zinc finger protein 804 A (ZNF804A) 

Zona limitans (ZL) 

Zona Limitans Intrathalamica (ZLI) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/neuroscience/ventromedial-nucleus
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1 Chapter 1. Introduction 

 

In recent years, significant progress has been made in understanding the development of the 

human forebrain, particularly the telencephalon. The telencephalon, which gives rise to the 

cerebral cortex, hippocampus, and basal ganglia, has been thoroughly examined due to its 

direct role in higher cognitive functions, voluntary motor control, and sensory processing 

(Monuki, 2022). Nevertheless, the thalamus, an essential structure within the diencephalon, 

and study of the thalamus has been relatively neglected, despite its essential role in brain 

function and development. 

This thesis therefore focuses on the thalamus, a structure that has co-evolved with the cerebral 

cortex in primates and humans in particular, establishing complex reciprocal connections 

essential for sensory integration, cognition, and awareness. The thalamocortical system is 

essential for the processing and transmission of information in the brain, acting as a nexus that 

connects subcortical areas to the cerebral cortex. Due to its pivotal function in regulating and 

conveying sensory, motor, and cognitive information, disruptions in thalamic development can 

significantly impact brain function. 

The aberration or impairment of the thalamus has been associated with several 

neurodevelopmental and neuropsychiatric illnesses, such as autism spectrum disorder (ASD), 

schizophrenia, and attention-deficit hyperactivity disorder (ADHD) (Krol et al., 2018). 

Irregularities in thalamocortical connections are thought to lead to cognitive impairments, 

sensory processing abnormalities, and disturbances in consciousness. Nonetheless, our 

comprehension of thalamic development, its interaction with the cortex, and its role in higher-

order cognitive tasks is still inadequate. 

This thesis seeks to address the information deficit about thalamic and telencephalic 

development by investigating the genetic, molecular, and cellular factors that regulate its 

formation and integration with the cerebral cortex. This study will also investigate the role of 

the thalamus and the telencephalon with regards to its impact on developmental disturbances 

in neurodevelopmental diseases. This study aims to further the understanding of forebrain 

development and its relevance to human cognition and disease by concentrating on this 

generally overlooked but essential brain component.  
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1.1 Early Human Brain Development  

 
Prenatal age is defined as postfertilization age, although menstrual weeks are frequently 

employed in obstetrics for convenience, they may not accurately reflect true age. The phrase 

"gestational age" should be avoided because of its vagueness, as it can denote three distinct 

starting points: the last menstrual period, fertilization, or implantation. I have used the term 

"postconceptional weeks" (PCW) to precisely denote both the postfertilization and 

postovulation age. Prenatal development is divided into three main subdivisions: the 

fertilization, embryo, and foetus periods. The first period, fertilization (conception), is the first 

3 PCW of prenatal development, from fertilization to the formation of the blastocyst 

(Schoenwolf et al., 2014). The embryonic stage, which begins at 3 PCW following conception 

and lasts until 8 PCW, and the foetal period start from 9 PCW to birth (Stiles, 2008, O'rahilly 

and Müller, 2010, Stiles and Jernigan, 2010). The human embryonic period can be divided into 

23 stages, known as the Carnegie stages (Figure 1.1). Each Carnegie stage can be represented 

by a corresponding time in PCW (Table 1.1) (O'Rahilly and Müller, 1987).  

 The embryo then advances to the next stage and is referred to as a ‘foetus’. This is the foetal 

period of prenatal development, which is associated with further significant changes in the 

brain. This stage of development begins in the 9 week post-conception and lasts until the baby 

is born (Stiles and Jernigan, 2010).The formation of the human brain begins in the 3 and 4 

PCW, namely the embryonic stage, with the differentiation of the neural progenitor cells 

through a process of neurulation (Li et al., 2023). Normal brain development depends on both 

the expression of genes and input from the surrounding environment; any interruption to either 

of these processes can alter the neural results significantly (Sadler, 2005). The initial stage of 

neurulation is marked by the emergence of a longitudinal mid-line structure in the embryo’s 

top layer, known as the ‘primitive streak’, which helps to define the body’s axis: cranial-caudal, 

dorsal-ventral, and medial-lateral. The cranial end of the primitive streak is expanded as the 

primitive node (Schoenwolf et al., 2020). The epiblast cells detach from the embryo’s top layer 

and depart the primitive streak. Some invade the hypoblast and the three primary germ layers 

form, namely the ectoderm, mesoderm, and endoderm. Human brain development begins when 

the primitive node starts to induce the overlying ectoderm to form the neural plate, which 

begins to fold to form the neural tube. This tube is broad cranially and tapered caudally. The 

expanded cranial portion engenders the forebrain, midbrain, and hindbrain. The narrower 

caudal portion of the neural plate engenders the spinal cord (Copp et al., 2003, Sadler, 2005).  
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As the neurulation process commences formation of the brain in 5 PCW, the three primary 

brain vesicles in the anterior neural tube, namely the prosencephalon, the mesencephalon, and 

the rhombencephalon (forebrain, midbrain, and hindbrain, respectively), convert to five 

secondary brain vesicles, the prosencephalon divides into the telencephalon (cerebral 

hemispheres) and diencephalon (thalamus and hypothalamus). The Rhombencephalon 

(hindbrain) divided into metencephalon (pons and cerebellum) and myelencephalon (medulla). 

The cavity of the diencephalon is the third ventricle and the cavity of the telencephalon is the 

lateral ventricle (Figure 1.2) (Schoenwolf, 2021). 

The four major morphogens, wingless/integrated (WNT), Sonic Hedgehog (SHH), bone 

morphogenetic proteins (BMPs), and fibroblast growth factors (FGF), act in a concentration 

dependent manner, and induce different cell fates in the prosencephalon (Dessaud et al., 2008). 

The spatio-temporal distribution of the different morphogens during the early developmental 

stages constitutes a crucial step for neural fate specification and brain morphogenesis. In the 

prosencephalon, these morphogens impart positional information to the different cell types 

distributed in the compartments along the neural tube wall (Puelles and Rubenstein, 2003). The 

neural tube is dorsalized by the surface ectoderm secreting WNT and BMPs, which causes the 

formation of the roof plate of the neural tube. The neural plate is ventralized by the signals 

received from the notochord and induces the floor plate to secrete SHH. This engenders the 

secretion of SHH from the floor plate and the notochord (Figure 1.3) (Schoenwolf et al., 2014). 
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Figure 1.1 Left lateral view of human embryos. This image illustrates the Carnegie stages of human 

embryonic development, depicting morphological changes from the zygote stage Stage 1 to Stage 23 

over a period of 1 to 60 days. Stage 1: Zygote (Day 1), Stages 2-6: Early cell division and implantation 

(Days 2-14), Stages 7-8: Gastrulation and early neural development (Days 15-19), Stages 9-13: 

Formation of the neural tube, somites, and early limb buds (Days 19-32), Stages 14-17: Development 

of brain vesicles, limb differentiation, and facial structures (Days 31-44), Stages 18-23: Continued 

organogenesis, limb elongation, and facial feature refinement (Days 44-60) Scale bar is 5 mm. (Source: 

the Kyoto Collection of Human Embryos, provided by Kohei Shiota, Kyoto) (Hill, 2018).  
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Table 1.1 Carnegie stages 23, the embryo transitions into the foetal stage (week 8) 

(O'Rahilly and Müller, 1987). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carnegie Stage  PCW (post-Conception Weeks) 

Stage 1  Week 1 (Day 1) 

Stage 2  Week 1 (Days 3) 

Stage 3  Week 1 (Days 4) 

Stage 4 Week 1 (Days 5-6) 

Stage 5 Week 2 (Days 7–12) 

Stage 6  Week 2 (Days 13) 

Stage 7 Week 3 (Days 15-17) 

Stage 8 Week 3 (Days 17-19) 

Stage 9 Week 3 (Days 19-21) 

Stage 10 Week 4 (Days21- 23) 

Stage 11 Week 4 (Days 23-26) 

Stage 12 Week 4 (Days 26-30) 

Stage 13 Week 5 (Days 28-32) 

Stage 14 Week 5 (Days 31-35) 

Stage 15 Week 5 (Days 35-38) 

Stage 16  Week 6 (Days 37-42) 

Stage 17 Week 6 (Days 42-44) 

Stage 18 Week 6 (Days 44-48) 

Stage 19 Week 7 (Days 45–51) 

Stage 20 Week 7 (Days 51–53) 

Stage 21 Week 8 (Days 53-54) 

Stage 22 Week 8 (Days 54-58) 

Stage 23 Week 8 (Days 56–60) 
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Figure 1.2 The development of the brain. Three primary vesicle including prosencephalon 

(Forebrain), mesencephalon (midbrain) and Rhombencephalon (hindbrain). Three brain vesicles 

differentiate into 5 secondary vesicles, prosecephalon divide into (telencephalon and diencephalon), 

rhombencephalon divide into (melecephalon and myelencephalon) (Carachi and Doss, 2019). 

 

 

 

 

 

 

 

 

 

Figure 1.3 The four distinct signalling centres of the forebrain. A rostral patterning centre (RPC) 

(blue) situated within the anlage of the septum (S) that secretes fibroblast growth factors (Fgfs); a 

caudodorsal centre (green) known as the cortical hem that secretes wingless/integrated (Wnts) and bone 

morphogenetic proteins (BMPs); a ventral centre (red) that secretes sonic hedgehog (Shh). 

Abbreviations: Cortex (CX), Lateral ganglionic eminence (LGE), Medial ganglionic eminence 

(MGE),  Septum (S) (Source: (Hoch et al., 2009)). 
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1.2 Early development of the telencephalon  

 
The anterior neural plate develops into the prosencephalon, which is later partitioned into the 

telencephalon and the diencephalon (Hébert and Fishell, 2008). The embryonic telencephalon 

generates a variety of neuronal and glial cells that follow complex migration patterns to attain 

their definitive locations in the mature cerebral cortex and basal ganglia (Schuurmans and 

Guillemot, 2002). The telencephalon is divided into ventral subpallium and dorsal pallium 

regions which give rise to basal ganglia and cerebral cortex respectively. The dorsal 

telencephalon generates primarily glutamatergic neurons and can be divided into the following: 

the dorsal pallium (DP), which is the anlage of the neocortex; the lateral pallium (LP), which 

produces the olfactory cortex; the ventral pallium (VP), which produces the 

claustroamygdaloid complex; and the medial pallium (MP), which gives rise to the archicortex, 

including the hippocampus. Each of these pallial domains develops into a specific region of 

the mature brain. The ventral telencephalon comprises two separate progenitor domains: the 

lateral ganglionic eminence (LGE) and the medial ganglionic eminence (MGE) (Figure 1.4)  

(Puelles et al., 2000, Hébert and Fishell, 2008).  

In rodents, the pallium and subpallium are primarily distinguished by the characteristic 

expression of certain transcription factors in each region, with their expression regulated by 

gradients of soluble morphogens (FGF, SHH, BMP) released from forebrain signalling centres. 

The pallium is distinguished by the expression of PAX6, EMX1, EMX2, and TBR1, whereas 

transcription factors such as GSH, DLX, and NKX are only expressed in the subpallium 

(Anderson et al., 1997, Pabst et al., 2000, Monuki et al., 2001). The graded expression of 

dorsally and ventrally expressed transcription factors in the pallium and subpallium further 

subdivides these into numerous progenitor domains that give rise to a large diversity of unique 

neuronal subtypes.  

The subpallium proliferative zone is categorised into several regions known as ganglionic 

eminences (GE), which correlate to their anatomical positions: MGE, LGE, and CGE. Gene 

expression and fate mapping studies have demonstrated that three subpallial domains can be 

further partitioned into smaller domains, hence enhancing the neuronal variety generated in 

these locations (Wonders and Anderson, 2006, Flames et al., 2007). In contrast to the pallium, 

the GE serves as a source of neural types that occupy not only subpallial regions such as the 

striatum, globus pallidus, and portions of the amygdala, but also give rise to several 

GABAergic neuron subtypes that migrate tangentially into the cortex and olfactory bulb. The 
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MGE is recognised as the source of projection neurones in the globus pallidus and is also a 

major source of cortical GABAergic neurones (Lavdas et al., 1999, Anderson et al., 2001, 

Wonders and Anderson, 2006). Whereas the LGE serves as the origin of projection neurones 

in the striatum and interneurons in the olfactory bulb (Stenman et al., 2003). Although the CGE 

is characterised solely as caudal extensions of the MGE and LGE, numerous investigations 

have established that the CGE possesses its own distinct identity and serves as a source of 

neuronal types that are discrete from those produced in the MGE and LGE (Nery et al., 2002, 

Corbin et al., 2003, Wonders and Anderson, 2006).          

  

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 The subdivision of the telencephalon. Schematic coronal section illustrating the 

subdivision of the telencephalon as indicated by the expression of specific transcription factors. The 

pallium is partitioned into medial, dorsal, lateral, and ventral pallial regions. The subpallium is separated 

into the medial and lateral ganglionic eminences. Abbreviation medial pallium (MP), dorsal pallium 

(DP), lateral pallium (LP), ventral pallium (VP), cortical hem (CH), dorsal lateral ganglionic eminence 

(dLGE), ventral lateral ganglionic eminence (vLGE), medial ganglionic eminence (MGE), Anterior 

entopeduncular (AEP) (Evans et al., 2012). 
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1.3  Development of the Diencephalon  

 
During early embryogenesis, the diencephalon originates from the prosencephalon (Kiral et al., 

2023). The prosencephalon is subdivided into the telencephalon anteriorly, and the 

diencephalon posteriorly. The diencephalon is divided into four major neuroepithelial domains: 

the pretectum, thalamus, epithalamus, and prethalamus (Jessell and Sanes, 2000, Colas and 

Schoenwolf, 2001, Puelles and Rubenstein, 2003). The orientation of the diencephalic 

structures can be explained by two contrasting models: the columnar and the prosomeric 

models. According to the columnar model, the diencephalon can be divided dorsoventrally into 

the epithalamus, the dorsal and ventral thalamus, and the hypothalamus (Figure 1.5 A) (Herrick, 

1910, Kuhlenbeck, 1973, Nakagawa, 2019). However, according to the prosomeric model 

(Puelles and Rubenstein, 2003), it is possible to draw a rostrocaudal axis that follows the 

curvatures observed in the developing brain: prosomeres, prosomere 1 (p1/pretectum); 

prosomere 2 (p2/thalamus); and prosomere 3 (p3/prethalamus). The dorsal and ventral 

thalamus were renamed the thalamus and the prethalamus, respectively (Figure 1.5 B) 

(Martinez-Ferre and Martinez, 2012). The zona limitans intrathalamic (ZLI) is a narrow strip 

of cells that separates the prethalamus and the thalamus(Kuhlenbeck, 1937). The thalamus and 

epithalamus are derived from the p2, and the prethalamus from the p3 (Nakagawa, 2019).  

 

 

 

Figure 1.5. Schematic representation of the diencephalon in a mouse, embryonic day (E10) lateral 

view. (A) The columnar model divides the diencephalon into four distinct regions: the epithalamus, 

thalamus, ventral thalamus, and hypothalamus. In contrast, (B) the prosomeric model classifies the 

diencephalon into three prosomeres: prosomere 1 (P1), which corresponds to the pretectum; prosomere 

2 (P2), which includes the epithalamus and thalamus; and prosomere 3 (P3), which consists of the 

ventral thalamus, also known as the prethalamus. The following abbreviations are used: Tel for 

telencephalon, Hy for hypothalamus, vTH for ventral thalamus, Eth for epithalamus, PT for pretectum, 

PTh for prethalamus, Th for thalamus, and (M) for mesencephalon. (Source: (Martinez-Ferre and 

Martinez, 2012)). 
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1.4 Development of the Thalamus and Epithalamus (p2)  

 
The epithalamus engenders the pineal gland, an endocrine organ that secretes melatonin, is 

involved with circadian rhythm, and is responsible for puberty, along with the habenula (Ha) 

nuclei, which connect with the limbic system (Donnelly, 2011), and the stria medullaris 

(Hikosaka, 2010). The Ha nuclei are involved in motor and cognitive actions, as well as 

emotional responses (Hikosaka, 2010). 

The thalamus, the largest part of the diencephalon, is a bulb-shaped structure that lies on top of 

the brain stem, on either side of the third ventricle, and between the cerebral cortex and the 

mid-brain (Vinod Jangir Kumar, 2017). It plays a central role as a relay centre for processing 

sensory and motor information, and regulates sleep, alertness, consciousness, and cognition 

(Sherman and Guillery, 2002, Sherman and Guillery, 2006, Sherman and Guillery, 2011). The 

processing of sensory information from different inputs requires different subsets of neurons 

that perform specific functions, and are clustered to form higher and first order thalamic nuclei. 

Understanding the development of thalamic nuclei is important for elucidating the origins of 

behaviour (Nakagawa, 2019). The progenitor cells that are responsible for the formation of 

different sets of neurons in the thalamus receive patterning signals from nearby tissues, and 

divide along the third ventricle in the ventricular zone (VZ) (Nakagawa and Shimogori, 2012). 

Postmitotic neurons from the thalamic progenitor cells, from the ventricular epithelium, 

migrate towards the mantle layer and form thalamic nuclear aggregates (Nakagawa and 

Shimogori, 2012). The transcription factor Pax6 is essential for the development of the  

diencephalon at the earliest stage; it is later progressively downregulated in these progenitors 

and is not expressed in postmitotic thalamic neurons (Walther and Gruss, 1991, Mastick et al., 

1997, Kiecker and Lumsden, 2004), Pax6 is also very important for developing thalamocortical 

axons (TCAs) which connect the thalamus to the cortex (Kawano et al., 1999, Pratt et al., 2000, 

Jones et al., 2002, Hevner et al., 2002). The homeodomain transcription factor, gastrulation 

brain homeobox-2 (GBX2), maintains the neuronal identity in the thalamus (Bulfone et al., 

1993, Puelles and Rubenstein, 1993). GBX2 is excluded from the VZ of the thalamus (Bulfone 

et al., 1993, Nakagawa and O'Leary, 2001), becoming restricted to the postmitotic neurons 

(Chen et al., 2009).  

The thalamic complex is divided into the rostral and the caudal-thalamus (pTh-R and pTh-C), 

according to two different neuronal populations. The pTh-R lies close to the MDO/ZLI, and 

contains GABAergic inhibitory neurons. The caudal thalamus lies away from the MDO/ZLI, 
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and contains glutamatergic projection neurons (Vue et al., 2009; Hagemann and Scholpp, 

2012). Two different thalamic progenitor domains have been delineated by gene expression 

and fate mapping studies. Rostral thalamus progenitor domain can be expressed by marker 

genes such as Achaete-scute family bHLH transcription factor 1 (ASCL1) and NK2 homeobox 

2 ( NKX2.2), while the caudal thalamic progenitor domain (pTh-C) expresses the glutamatergic 

neuronal markers, Neurogenin1/2 (NGN1) and (NGN2), gastrulation brain homeobox-2 

(GBX2), oligodendrocyte transcription factor 3 (OLIG3), and SRY-box transcription factor 2 

(SOX2)  (Vue et al., 2007, Jeong et al., 2011, Nakagawa and Shimogori, 2012). In contrast, the 

oligodendrocyte transcription factor (OLIG3), which belongs to the basic helix-loop-helix 

(bHLH) transcription factor family, is localised throughout the thalamic ventricular layer, and 

belongs to two distinct domains (Figure 1.6) (Vue et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The diencephalon progenitor domains and instances of transcription factor expression 

patterns in mice. (A) Schematic, parasagittal view of the diencephalon based on the prosomeric model 

which divided into Prosomere 1(P1), prosomere 2 (P2), prosomere3(P3). (B) shows the organization of 

progenitor domains, which include pretectum, the thalamus is anatomically structured into two distinct 

regions: the caudal-posterior progenitor domain (pTH-C; green), the rostral-anterior progenitor domain 

(pTH-R; brown) and zona limitans (ZLI; blue), and last progenitor domains is prethalamus. (C) Marker 

expression in thalamic progenitor domains, OLIG3 expressed in the whole progenitor domain, DBX1, 

OLIG2, NEUROG1, NEUROG2 expressed in pTH-C, SHH, FOXA2 expressed in ZLI and ASCL1, 

HELT and NKX2.2 expressed in Pth-R. Abbreviations: pretectum (PT), prethalamus (PTh), and zona 

limitans intrathalamica (ZLI). (Source:(Nakagawa, 2019)).  
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1.5 SHH, FGF, and WNT During Thalamus Development  

1.5.1 SHH and ZLI 

The ZLI acts as central boundary of the thalamus that divides the prethalamus and the thalamus 

during neural tube development. The cells within the ZLI are known as the ‘mid-diencephalic 

organizer’ (MDO) and express three signalling molecules (SHH, WNT, FGF). These proteins 

released are linked to local organizing activity in other regions of the brain (Hagemann and 

Scholpp, 2012). SHH is an important protein that plays an essential role in development and 

cause neurodevelopmental disorders attributed to thalamic dysfunction (Nakagawa and 

Shimogori, 2012). Previous studies that used mice suggested that SHH is an essential signalling 

molecule for the growth of the thalamus (Ishibashi and Mcmahon, 2002). This Shh expression 

initiates at the ZLI ventral edge and extends to the surface along the diencephalic alar plate in 

chick embryo (Vieira et al., 2005). In addition, Shh also controls the expression of several 

transcription factors and genes involved in the regionalization of the diencephalon and thalamic 

cell fate determination, including its own regulation, such as Olig2, Olig3, Ngn, Sox14, Pax6, 

Nkx2.2 and SIX Homeobox 3 (Six3) (Nakagawa, 2019). A study conducted in chicks showed 

that the ectopic production of the SHH protein in the caudal diencephalon and mesencephalon 

causes the upregulation of the Gbx2 gene and the downregulation of the Pax6 gene (Kiecker 

and Lumsden, 2004, Vieira et al., 2005). 

The differentiation processes of these neurons in the thalamus are highly dependent on the 

morphogen activity of Shh. In high concentrations, Shh causes the development of the rostral 

thalamus, while in low concentrations it causes the development of the caudal thalamus (Vue 

et al., 2009, Jeong et al., 2011). This conclusion was supported by experiments that used 

different animal models and showed that a blockage of the Shh pathway causes a reduction of 

the caudal thalamus. However, the establishment of the distinct boundary between the rostral 

and the caudal thalamus is the result of the interplay of several other factors. For example, the 

expression of hairy-like factor 6 (Her6) determines the neuronal identity. The presence of Shh 

in the rostral region activates Ascl1 in cells expressing Her6, and in the caudal region activates 

Ngn1 expression in cells with a minimal expression of Her6 (Hagemann and Scholpp, 2012). 

The differentiation of the glutamatergic neurons and the GABAergic neurons is dependent on 

the expression of the two genes, Ngn1 and Ascl1, by their respective progenitor cells (Figure 

1.7 B).  
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1.5.2  FGF 

The role of FGF signalling, along with SHH and WNT signalling, in the development of the 

diencephalon has been known for a long time (Hébert, 2011). Specifically, FGF15 and FGF19, 

which act downstream of SHH, play a crucial role in the development of the thalamus (Miyake 

et al., 2005). These proteins secreted from the prosencephalon act as morphogens by forming 

gradients, and influence the development and patterning of the embryo. Previous studies 

reported that the blockage of Fgf19 expression, or of its receptor Fgfr3, causes the 

downregulation of production of prethalamic GABAergic inhibitory neurons, and Ascl1 

positive GABAergic neurons in the rostral thalamus, respectively (Miyake et al., 2005, Kataoka 

and Shimogori, 2008). In contrast, increased FGF signalling broadens the rostral thalamic area, 

causing a shift in the position of the sensory nuclei of the caudal thalamus (Kataoka and 

Shimogori, 2008). This suggests that FGF signalling plays an essential role in the GABAergic 

neuron development in the prethalamus, and in the rostral thalamus (Figure 1.7 C). 

Furthermore, FGF signalling also influences glutamatergic neuron development in the caudal 

thalamus. The reduction of Fgf8 activity in the diencephalon was shown to be linked to dosage-

dependent changes in the epithalamus. Specifically, the Ha nuclei and pineal gland are either 

reduced or lacking in Fgf8 hypomorphic mice, the study of which revealed the presence of 

reduced Gbx2 expression in the thalamic neuroepithelium of the caudal thalamus in Fgf8 

mutants at E11.5 (Martinez-Ferre and Martinez, 2009). It is known that the dorsal part of the 

diencephalon shows a predominant expression of Fgf8, specifically in the dorsal tip of the 

MDO, and in the epithalamus, while Fgf-15 and Fgf-19 are seen only in the ventral area of the 

thalamus. The role of FGFs and FGFRs, other than FGFR3, in the development of the human 

brain is not known, and the individual molecular mechanisms regulating the diencephalic 

patterning are yet to be clearly understood. 

 

1.5.3  WNT  

Previous research suggested that WNT signalling plays a crucial role in the development of the 

thalamus (Bluske et al., 2009). Several studies also demonstrated that WNT induces 

differentiation of the posterior forebrain, while its absence causes differentiation of the anterior 

forebrain (Braun et al., 2003). This conclusion was supported by the induction of Iroquois-type 

transcription factor (IRX3), and the suppression of SIX3 transcription factors by WNT in the 

chick embryonic caudal diencephalon (Braun et al., 2003). During ZLI formation, WNT 



47 
 

signalling is required for Shh expression towards the dorsal side, between the thalamus and the 

prethalamus (Martinez-Ferre and Martinez, 2012). Specifically, WNT continues to be 

expressed in the thalamus during patterning and neurogenesis, even during the late stages 

(Quinlan et al., 2009, Hagemann and Scholpp, 2012). Meanwhile, LIM Homeobox (LHX) 

transcription factors, along with GBX2 and neurogenin (NGN), are among the few 

transcription factors that are expressed in the thalamus and have been characterised. Therefore, 

WNT and LHX factors work together to form mature postmitotic thalamic neurons (Figure 1.7 

A and E) (Hagemann and Scholpp, 2012). This was supported in the study by Zhou et al. (2004) 

where a mutation in the WNT co-receptor Lrp6 resulted in defects in the expression of Lef1. 

In addition, the upregulation of WNT activity, along with its target genes, Axin2 and Pcdh10b, 

was observed in Lhx2/Lhx9 morphant embryos in the VZ of the thalamic neuroepithelium, 

while Lef1 was downregulated. This suggested that WNT signalling occurs in phases, and that 

the second phase is required for thalamic neuronal differentiation in the mantle zone, revealing 

the interdependence of WNT, SHH, and FGF signalling pathways and transcription factors 

(Peukert et al., 2011), although further studies are required to understand their influence on one 

another during thalamus development.  

Some previous studies suggested that Lhx2/Lhx9 is important for the completion of neurogenic 

development in the thalamus. This was highlighted by a study that showed a high expression 

of delta-like protein A (DeltaA), Ngn1, and protocadherin 10b (pcdh10b), and no expression of 

Inhibitor of DNA Binding 2 (Id2) and lymphoid enhancer binding factor 1 (Lef1) in zebra fish 

morphant embryos. Thus, although neuronal progenitors were formed, their differentiation 

ceased in the later stages (Hagemann and Scholpp, 2012). It is important to note that Pcdh10b, 

which is expressed in the ventricular zone and is regulated by LHX proteins, and Id and Lef1 

are activated by WNT signalling in the thalamus (Figure 1.7 A and E) (Jones and Rubenstein, 

2004, Peukert et al., 2011).  
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Figure 1.7 Schematic chronology of signalling events throughout the development of the thalamus 

in zebrafish embryos. The coloured patterns indicate the specific regions of impact of the signalling 

pathways shown. (A) Wnt signals from the caudal forebrain are necessary to initiate the MDO, and to 

facilitate the division of the thalamus. (B) Shh signalling is necessary to initiate neurogenesis by 

activating the proneural genes. (C) Fgf signalling affects the development of GABAergic neurones. (D) 

Shh signal delineates precisely the region of the thalamic nuclei. (E) Wnt signalling coordinates 

neurogenesis at 48 hours post-fertilization by modulating post-mitotic features of thalamic neurones 

(Source: (Hagemann and Scholpp, 2012)).  
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1.6 Thalamic Nuclei  

 
Discrete groups of cells are recognizable in histological sections of the thalamus and these are 

termed ‘nuclei’. The thalamic nuclei are classified according to i) their position in the thalamus, 

ii) their afferent and efferent connections, and iii) their functions. More than 40 distinct nuclei 

have been identified in the thalamus, according to their cell structure, anatomical connections, 

gene expression, and functions (Puelles et al., 2012a). In mice, thalamic nuclei are not clearly 

distinguished at embryonic day 12.5 (E12.5), only becoming distinct by E16.5 (Nakagawa and 

O'Leary, 2001). The first nuclei to form are the anterior nucleus (AN) of the thalamus, which 

is divided into anterodorsal (visual memory, spatial navigation), anteroventral (episodic 

memory), and anteromedial (emotional, cognitive, and executive functions) (Child and 

Benarroch, 2013, Perry and Mitchell, 2019) (Figure 1.8). These are separated from other nuclei 

by the anterior portion of internal medullary lamina, located between the arms of the Y shapes 

lamina (Jones, 2007).These AN regulate alertness, learning, and memory modulation in the 

mature brain (Puelles et al., 2012a). Meanwhile, the ventral-anterior and ventral-lateral nuclei 

(VA, VL, respectively) are involved in motor function. The ventral posterior nucleus (VP), 

which is also known as the ‘ventrobasal complex’, is located towards the caudal region in the 

thalamus. It is composed of a ventral posterolateral (VPL) and posteromedial (VPM) nucleus, 

and is located in both the lateral and medial parts of the thalamus. The VP nucleus is associated 

with the somatosensory systems, whereas the medial dorsal (MD) thalamic nuclei (Gauthier et 

al., 2011) are associated with emotional arousal, memory, and feelings of pleasure (Warren et 

al., 2017). The intramedullary (IMN) (central medial, CeM; central lateral, CL; paracentral, Pc; 

centromedian, CM; parafascicular, Pf) play a crucial role in arousal and alertness by regulating 

the excitability levels in the cerebral cortex (Jang et al., 2014), and are also synchronized with 

the circadian rhythms. The posterior nuclear group consists of the lateral geniculate nucleus 

(LGN), medial geniculate nucleus (MGN) (Lee, 2013), and the lateral and inferior pulvinar 

(PulL, PulI) (Baldwin et al., 2017) (Figure 1.8). Auditory information ascends to the inferior 

colliculus of the midbrain through the cochlear nuclei and the superior olivary complex of the 

brainstem. This information then arrives in the medial geniculate nucleus in the thalamus and 

is transmitted to the primary auditory cortex, while the visual inputs from the retina are guided 

primarily towards the dorsal lateral geniculate thalamic nuclei (dLGN), and reach the visual 

centres of the cerebral cortex (Vertes et al., 2015, Giraldo-Chica and Woodward, 2017). LGN 

acts as the first step in the initial visual processing of information (Covington and Al Khalili, 

2019). In all, two major regions have been identified in the LGN: the dorsal (dLGN) and ventral 
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LGN (vLGN). The dLGN receives inputs from the retina, and relays information to the visual 

cortex, while the vLGN is involved in several functions, including processing and integration 

from other regions, such as the retina and superior colliculus, and connections to other thalamic 

nuclei (Figure 1.9) (Nakagawa and Shimogori, 2012). The reticular nucleus is a thin, shell-like 

structure that surrounds the thalamus. It plays a role in regulating the flow of information 

between the thalamus and the cortex (Pinault, 2004). This nucleus sends projections to the 

anterior, dorsal, intralaminar, posterior, and ventral thalamic nuclei (Guillery and Harting, 

2003).  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Classification of thalamic nuclei in human, showing several nuclei and their positions. 

Abbreviations: anteroventral nucleus (AV), ventral anterior nucleus (VA), ventromedial nucleus (VM), 

ventral lateral anterior nucleus (VLa), ventral lateral posterior nucleus (VLp), ventral posterolateral 

nucleus (VPL), lateral dorsal nucleus (LD), lateral posterior nucleus (LP), central medial nucleus 

(CeM), paracentral nucleus (Pc), lateral mediodorsal nucleus (parvocellular) (MDl), medial 

mediodorsal nucleus (magnocellular) (MDm), parafascicular nucleus (PF), centromedian nucleus 

(CM), central lateral nucleus (CL), reuniens nucleus (MV-re), paratenial nucleus (Pt), anterior pulvinar 

nucleus (PuA), inferior pulvinar nucleus (PuI), lateral pulvinar nucleus (Pul), medial pulvinar nucleus 

(PuM),  lateral geniculate nucleus (LGN), medial geniculate nucleus (MGN) (Source: (Keun et al., 

2021). 

https://www.sciencedirect.com/topics/neuroscience/ventromedial-nucleus
https://www.sciencedirect.com/topics/neuroscience/ventral-posterolateral-nucleus
https://www.sciencedirect.com/topics/neuroscience/ventral-posterolateral-nucleus
https://www.sciencedirect.com/topics/neuroscience/centromedian-nucleus
https://www.sciencedirect.com/topics/neuroscience/nucleus-reuniens
https://www.sciencedirect.com/topics/neuroscience/pulvinar-nuclei
https://www.sciencedirect.com/topics/neuroscience/pulvinar-nuclei
https://www.sciencedirect.com/topics/neuroscience/lateral-geniculate-nucleus
https://www.sciencedirect.com/topics/neuroscience/medial-geniculate-nucleus
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Figure 1.9. Schematic representation of the sensory input pathway in the central nervous system 

(CNS).  (A) Visual information is transmitted to the dLG in the thalamus, which subsequently transmits 

it to the primary visual cortex. (B) The primary somatosensory cortex receives somatosensory 

information from rodent whiskers and the epidermis, which is transmitted to the VP nuclear complex 

via the brainstem and the spinal cord. (C) The inferior colliculus of the midbrain is reached by auditory 

information through the cochlear nuclei and superior olivary complex of the brainstem. This 

information is subsequently transmitted to the primary auditory cortex by the MGv in the thalamus. 

Abbreviation:ventral posterior (VP), dorsal lateral geniculate nucleus (dLGN) and medial geniculate 

nucleus (MGv), and terminates in the somatosensory system. The auditory impulse terminates in the 

auditory cortex (Source: Adapted from (Nakagawa and Shimogori, 2012) . 
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Thalamic nuclei are classified into two types reflecting their inputs: first order (FO), and nuclei 

and higher order (HO) nuclei. FO nuclei receive information from peripheral sensory organs 

and subcortical structures and convey it to primary sensory and motor cortical areas. The LGN: 

visual; the medial geniculate nucleus (MGN): auditory; the VPM/VPL: somatosensory; and the 

VL: motor, are among these nuclei. Sensory and motor information is transferred to layer 4 of 

the primary sensory and motor cortical regions, which then projects back to the same thalamic 

nucleus from which it received the input (Giraldo-Chica and Woodward, 2017). Unlike FO 

nuclei, HO nuclei, such as the mediodorsal nucleus and the pulvinar (Pul), receive most of their 

input directly from the cortex, cortical layer 5 of the PFC and the posterior parietal association 

region, respectively. Thus, the driving excitatory input to the thalamus comes from the sensory 

organs/subcortical areas for the FO nuclei, or cortical layer 5 in the case of the HO nuclei 

(Figure 1.10).  

In contrast, reciprocal cortical-thalamic projections come from cortical layer 6, limiting 

thalamic activity by activating GABAergic neurons in the thalamic reticular nucleus, which is 

a small sheet of neurons derived from prosomere 3 that envelopes the thalamus. This 

configuration enables the cortex to modify, or block, incoming sensory/cortical data. As the 

principal input to these nuclei comes from the cortex, and the thalamocortical projections are 

more diffuse than FO relay networks, the HO nuclei play an important role in controlling 

cortical activity and coordinating activity amongst the cortical regions (Sherman and Guillery, 

2011).  
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Figure 1.10. Illustrates two types of thalamic nuclei based on their cortical input in mice. (A) MGN 

to auditory cortex, LGN to visual cortex, VPL, DL to somatosensory cortex, VA, VL to motor cortex, 

MD to prefrontal cortex, Pulv to association cortex.  is the ventral anterior nucleus, (B) Higher-order 

thalamic nuclei such as pulvinar and mediodorsal that are linked to higher cognitive processes receive 

input from and send output to the cortex. First-order thalamic nuclei such as the lateral geniculate 

nucleus receive input from the peripheral system and relay it to the cortex. Abbreviations:  Pulvinar 

(Pulv), ventral posterior latersl (VPL), Dorsal lateral (DL), ventral lateral (VL), ventroanterior (VA), 

medial dorsal (MD), medial geniculate nucleus ventral (MGN), lateral geniculate nucleus dorsal (LGN) 

(Source (Sherman, 2012)).  

 

1.7 Thalamocortical Afferents (TCA)  

 
The thalamocortical (TC) and corticothalamic (CT) pathways are two of the most important 

pathways in the brain for transmitting sensorimotor information (Figure 1.11). The TC relays 

sensory information from the retina, cochlea, muscles, and skin to the neocortical sensorimotor 

regions via the thalamus, the major subcortical sensorimotor relay. By transmitting information 

from the cortex to the thalamus via the CT pathway, the feedback loop is completed. A recent 

study by Alzu’bi et al. (2019) indicated that at least some TC axons may innervate the cortical 

presubplate as early as 8 PCW. The ventrolateral thalamus extends TCA to the 

diencephalic/telencephalic boundary (DTB) boundary at 7.5 PCW, the presubplate (pSP) by 

9.5 PCW, and they enter the intermediate zone (IZ) of the cortical wall at 11 PCW. These axons 

innervate the pSP and deep cortical plate (CP) between 12 and 14 PCW. Eventually, these two 

structures merge to form a large subplate, which is a characteristic feature of primates (Kostovic 

and Rakic, 1990, Wang et al., 2010, Duque et al., 2016).  
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The development of the CT pathway exhibits a similar pattern of instructive connectivity. 

Subplate neurons extend and form connections with reticular thalamic neurons prior to the 

establishment of connections between neurons from the deep layers of cortex (layers 5 and 6). 

The innervation of the subplate by TCA are thought to serve as a guide for the CT axons as 

they travel to their destinations in the thalamus. Once the TC and CT pathways are completed, 

the subplate neurons’ connections are retracted and the cells die gradually (Chatterjee et al., 

2012). The work by Quintana-Urzainqui et al. (2020) established the significance of the gene-

expression gradients in the thalamus and their sensitivity to guidance queues in the early stages 

of TCA path finding (Quintana-Urzainqui et al., 2020). A study recorded thalamocortical 

projection anomalies resulting from the disruption of diencephalic development due to the loss 

of Pax6, foxg1, and Mash1 in mice. The thalamocortical tract does not develop properly in 

Pax6 deletion in mice; axons were noted to  descend through the thalamus without  infiltrating 

the telencephalic tissues (Pratt et al., 2002, Pratt et al., 2000). In Mash1-deficient mouse 

embryos, the transitory afferent tract fails to develop, and the thalamocortical tract does not 

invade the telencephalon (Pratt et al., 2002). 
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Figure 1.11. The relationships between the developing thalamocortical projections and the 

cortical SP zone, and the interactions between corticothalamic projections and the thalamic 

reticular nucleus, during mouse development at embryonic day 15. During early embryonic 

development, corticofugal (red) and thalamocortical (black) axons initiate extension towards each other 

and reach their respective targets by E15. Nevertheless, both the corticofugal projections from the 

supraoptic layer (SP) and layer 6 fail to reach their intended destinations, gathering instead in the 

thalamic reticular nucleus (TRN; pink), whereas the thalamocortical projections halt in the SP (red). 

Both compartments consist mostly of transitory cells that are incorporated into circuits during the initial 

phases. Observations of fibre decussation in the TRN and SP suggest the occurrence of rearrangements 

during anatomical development. Abbreviations: amygdala (Ag), claustrum (Cl), hippocampus (Hip), 

caudal ganglionic eminence (CGE), marginal zone (MZ), globus pallidus (GP), and internal capsule 

(IC), thalamic reticular nucleus (TRN). (Source: (Bandiera and Molnár, 2022)) 
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1.8 Expression of key molecules that have been shown to guide the development of the 

thalamus in animal models. 

This section discusses what is currently known about the genes FOXP2, GBX2, ZIC4 which are the key 

genes for the development of the thalamus, as shown by gene knockdown experiments. ASCL1, SP8, 

OLIG2, PAX6, GAD67, OTX2, NR2F2, NR2F1 were also studied. These are the genes that are 

important markers for a variety of cell types in the developing prosencephalon. 

 

1.8.1  Forkhead box protein (FOXP2)  

FOXP2 is a transcription factor that belongs to the forkhead family, the mutation of which is 

often found in patients with language disorders (Ebisu et al., 2017). Mutations of the FOXP2 

are also known to be implicated in the development of schizophrenia (SZ) in humans (Tolosa 

et al., 2010). The work by Tolosa et al. (2010) established the relationship between FOXP2, 

language impairment, and SZ, since SZ shares symptoms with other language related diseases 

(Li et al., 2013). Furthermore, the isolation of the transcriptional targets of FOXP2 revealed its 

capacity to regulate the genes related to the development of thalamus identity and, most 

importantly, the genes that are implicated in the development of SZ (Vernes et al., 2007, Tolosa 

et al., 2010, Li et al., 2013). The study conducted by Ebisu et al. (2017) indicated that there is 

an expression of FOXP2 protein in the developing thalamic cells in E14 mice. A general 

increase in the protein levels in the posterior region was observed, and a low level of expression 

was observed in the anterior thalamus. This gradient level of expression observed in E12 and 

E14 was lost by E16, as the expression became restricted to certain thalamic nuclei. In the mice 

with Foxp2 genes that were mutated (Foxp2 (R552H) knock-in) in such a way that Foxp2 

expression was minimized, the ventral posterior nuclei were found to be smaller in size than in 

the non-mutated mouse sample. This indicated that Foxp2 is important for posterior thalamic 

nuclei development. This mutation of Foxp2 in the thalamus highlighted the need to understand 

how the expression of FOXP2 with other factors guides the development of human thalamic 

nuclei development.  
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1.8.2 Gastrulation brain homeobox-2 (GBX2)  

A homeobox gene is a sequence of DNA coiled around 180 base pairs, located within the genes, 

which functions in the morphogenesis of animals, plants, and fungi (Chen et al., 2009, Mallika 

et al., 2015). GBX2 is a dose dependent transcription factor that influences the regulation of 

the normal expression of other resultant genes (Jones and Rubenstein, 2004). The expression 

of GBX2 commences during gastrulation and extends to the late phases of embryogenesis 

(Chen et al., 2009, Chatterjee et al., 2012). The homeobox gene Gbx2 is the main marker for 

defining the thalamus in the prosomere model (Bulfone et al., 1993, Puelles and Rubenstein, 

1993). In the diencephalon, Gbx2 expressed in the postmitotic cells and exclude from the 

ventricular zone in the thalamus (Bulfone et al., 1993, Nakagawa and O'Leary, 2001). GBX2 

controls signalling in the feedback systems of post mitotic cells to the dividing progenitor genes 

(Mallika et al., 2015). Since GBX2 expression is related to the development of the thalamus 

and the Ha, it is implicated significantly in the development of psychiatric disorders, such as 

depression and SZ (Mallika et al., 2015). One study in mice demonstrated that Gbx2 is crucial 

for establishing the molecular identity of the thalamus. Notably, the elimination of thalamic 

identity resulting from Gbx2 ablation is linked to a partial transition toward habenular identity 

(Mallika et al., 2015).  

1.8.3 Orthodenticle homeobox 2 (OTX2) 

OTX2 is a member of the homeobox-containing transcription factor family that is associated 

with the Drosophila gene orthodenticle (Simeone et al., 1993). Otx2 is expressed in the 

diencephalon, mesencephalon, choroid plexus, and hippocampus anlage in humans. It serves 

as a marker for this region in the telencephalon, as well as in the isthmus organization, VZ of 

ganglionic eminence, and periventricular zone of thalamus during the 7-9 week period (Larsen 

et al., 2010). The Otx genes have been demonstrated to regulate several developmental 

processes and specifically play a crucial role in determining the formation of the developing 

brain (Acampora and Simeone, 1999, Simeone et al., 2002). Previous studies conducted on 

rodents demonstrated that Otx2 is expressed in the prosencephalon and mesencephalon regions 

of the brain, and has a distinct boundary at the mesencephalic-metencephalic border (Simeone 

et al., 1992, Acampora et al., 1995, Broccoli et al., 1999, Millet et al., 1999). During later stages 

of embryonic development, Otx2 expression is also present in the posterior regions of the 

forebrain, such as the VZ of the ganglionic eminence, hippocampus, choroid plexus, and 

diencephalon. In addition, Otx2 expression is present in the posterior commissure of the 
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mesencephalon and the cerebellum (Frantz et al., 1994, Rath et al., 2006, Rakic et al., 2009). 

In zebrafish, the Otx2 gene is responsible for creating the ZLI, which separates the ventral and 

dorsal thalamus (Scholpp et al., 2007). In addition, Otx2 regulates the characteristics and future 

development of the glutamatergic progenitors in the thalamus by suppressing the differentiation 

into GABAergic cells. Thus, any dysfunction of OTX2 can lead to neurological and psychiatric 

diseases, as GABAergic and glutamatergic neurones regulate inhibitory and excitatory 

networks in the brain (Puelles et al., 2006). The study by Puelles et al. (2003) found that mice 

with mutations in Otx2 die at birth, and identified that there was an abnormal irregular size and 

a cell mass in the neuroepithelium at E12. This mass is dispersed randomly in the mantle zone 

of the thalamus at a later stage (Puelles et al., 2003). Additionally, aberrant axonal growth in 

the thalamus was identified by (Larsen et al., 2010). Meanwhile, Puelles et al. (2006) presented 

evidence that supported an important function of OTX2 in the molecular process that 

determines the identity and fate of glutamatergic precursors in the thalamus by repressing the 

GABAergic differentiation (Puelles et al., 2006).  

 

1.8.4 SP8  

A new member of the SP zinc finger transcription factor gene family named Sp8 was identified 

by recent studies (Bell et al., 2003, Treichel et al., 2003).  SP8 has an essential role in the early 

patterning of the forebrain and regulates the growth of thalamocortical afferent projections in 

visual and somatosensory area. In a recent study of the Sp8 knock out (KO) brain, the dLGE 

was retrogradely labelled via TCA projections from both the visual and the somatosensory 

cortex (Zembrzycki et al., 2007). In humans, SP8 is a marker for immature GABAergic neurons 

originating from the caudal ganglionic eminences (Alzu'bi et al., 2017). To date, no studies 

have explored the expression of SP8 in the thalamus. 

 

1.8.5 Glutamate decarboxylase 1 (GAD67)  

Glutamic acid decarboxylase (GAD) catalyzes the conversion of L-glutamic acid to γ-

aminobutyric acid, which plays a role in inhibitory neurotransmission (Viñas‐Jornet et al., 

2014). Multiple previous studies suggested that the adult brain contains two isoforms of GAD, 

namely GAD65 and GAD67; the numbers 65 and 67 represent the molecular weights of these 

isoforms in kilodaltons (kDa). These isoforms are produced by two distinct genes that are 

controlled independently: GAD2 and GAD1  (Erlander et al., 1991, Bu et al., 1992). GAD67 is 

https://www.ncbi.nlm.nih.gov/gene/24379
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a protein located in the cytoplasm that consists of 594 amino acid residues. The two isoforms 

have a 64% amino acid similarity, with the greatest variation observed at the N terminus. As 

Tavazzani et al. (2014) explained GAD67 is expressed in GABAergic neurones. Moreover, 

GAD67 provides first the cytoplasmic pool of GABA, which enters the tricarboxylic acid cycle 

to produce energy, and second is the vesicular pool of GABA (Tian et al., 1999, Lau and 

Murthy, 2012). The study by Tavazzani et al. (2014) demonstrated the presence of GAD67 in 

the ventricular, cortical, and marginal zones of the brain. GABAergic and glutamatergic 

neurons of the forebrain arise from different pools of progenitors. GABAergic neurons of the 

forebrain are generated principally in the proliferative zones of the ventral telencephalon, 

prethalamus, and pretectum (Luskin et al., 1993, Mione et al., 1994, Puelles and Rubenstein, 

2003). GAD1 (GAD67) catalyses production of 80–90% of total brain GABA, whereas 10–

20% is attributable to the activity of the analogous gene, GAD2 (GAD65) (Asada et al., 1997, 

Condie et al., 1997). In neurons, GAD65 is concentrated in presynaptic terminals (Kaufman et 

al., 1991, Gaspard, 2020) where a portion of the protein is linked to synaptic vesicles. The 

estimated protein, consisting of 585 amino acids, has a molecular weight of 65 kD (Pöllänen 

et al., 2022). The antibody for the 65-kD isoform of GAD65 serves as a biomarker for 

autoimmune CNS illnesses and, more frequently, for non-neurological autoimmune diseases 

(McKeon and Tracy, 2017). Given the expression of GAD67 in cytoplasmic pool compared to 

the presynaptic expression of GAD65, GAD67 is a more useful and widely used marker for 

GABAergic neurons. 

 

1.8.6 Paired box 6 (PAX6)  

Pax6, a gene that codes for a transcription factor with a paired domain and a homeodomain, is 

expressed widely in the developing forebrain of vertebrates (Walther and Gruss, 1991, 

Stoykova et al., 1996). Pax6 is known to be required for normal thalamic development (Parish 

et al., 2016). The normal size of the pTH-C domain depends on the expression of Pax6. In mice 

lacking Pax6, the ZLI and pTH-R domains undergo expansion, thereby compromising the 

pTH-C domain (Caballero et al., 2014, Pratt et al., 2000). Thalamic and prethalamic progenitor 

cells express Pax6 throughout the initial phases of diencephalic development. Later, it is 

reduced gradually in these progenitor cells and is not present in postmitotic thalamic neurons 

(Walther and Gruss, 1991, Mastick et al., 1997, Kiecker and Lumsden, 2004). Pax6 expressed 

in the VZ in the lateral ganglionic eminence (Mo and Zecevic, 2008) and in the VZ in the cortex 

and dorsal thalamus (Englund et al., 2005). It is essential for the formation of thalamocortical 

https://www.ncbi.nlm.nih.gov/gene/5080
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axons (TCAs), which establish connections between the thalamus and the cortex (Kawano et 

al., 1999, Pratt et al., 2000, Jones et al., 2002, Hevner et al., 2002). Mutation of Pax6 in mice 

can develop defects in forebrain structure, including diencephalon and after birth (Hogan et al., 

1986, Schmahl et al., 1993, Quinn et al., 1996, Stoykova et al., 1996, Carić et al., 1997, 

Grindley et al., 1997) and thalamocortical connections do not form (Kawano et al., 1999).  

 

1.8.7 Nuclear receptor subfamily 2/1 group F member 2/1 (NR2F2-NR2F1)  

NR2F1/2, which is also known as Chicken ovalbumin upstream promotor-transcription factor 

1/2 (COUP-TF 1/2), is expressed mainly in CGE-derived GABAergic neurons in mice (Tripodi 

et al., 2004). The study by Reinchisi et al. (2012) found evidence that suggested NR2F1 might 

have a similar function in the development of the human forebrain. At later stages of 

development, NR2F1 expression spreads in several telencephalic regions: the cerebral cortex 

(archicortex, neocortex, and paleocortex primordia); the preoptic area; the thalamus; and the 

lateral, medial, and caudal ganglionic eminences (LGE, MGE and CGE, respectively) 

(Armentano et al., 2006). NR2F1 is expressed highly in the postmitotic neurons in the lateral 

geniculate nucleus; mutation of this gene can cause defects of the visual system, optic atrophy 

and intellectual disabilities (Serra, 2020). A study of mice at E12 demonstrated that Nr2f1 is 

expressed strongly in the thalamus of the mouse brain (Bertacchi et al., 2019). Meanwhile, 

another study of mice showed strong Nr2f1 expression in the dorsal lateral geniculate nucleus 

and ventroposterior in the mouse thalamus at E15 (Areas, 2013). 

 

1.8.8 Oligodendrocyte transcription factor 2 (OLIG2)  

During CNS development, Olig2 regulates the differentiation of neural precursors to neurons, 

oligodendrocytes, and astrocytes (Takebayashi et al., 2000). The study by Wang et al. (2021) 

found that Olig2 is expressed not only in oligodendrocyte precursor cells (OPCs) and 

oligodendrocytes, but also in some astrocytes in adult mouse CNS.  Olig2+ cells are particularly 

abundant in the VZ and subventricular zone (SVZ) of the LGE and MGE (Takebayashi et al., 

2000, Tekki-Kessaris et al., 2001), and in the VZ of the dorsal thalamus of the forebrain 

(Takebayashi et al., 2002). The loss of Olig2 can cause the loss of oligodendrocytes (Szu et al., 

2021, Miyoshi et al., 2007). Extant studies in the field suggested that Olig2 regulates 

interneuron production, a finding indicated by their unique expression patterns in the 

embryonic brain. Olig2 specifies GABAergic neurons in ganglionic eminences (Jakovcevski 

and Zecevic, 2005, Jakovcevski et al., 2009).  

https://www.ncbi.nlm.nih.gov/gene/7026
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1.8.9 Achaete-scute family bHLH transcription factor 1(ASCL1)  

ASCL1 is a class II basic-helix–loop–helix (bHLH) transcription factor that forms a 

heterodimer with class I bHLH E-proteins, such as E47/TCF3, to activate certain target genes. 

During development, Ascl1 is expressed in distinct populations of neural progenitor domains 

and glial precursor cells throughout the neural tube, from the spinal cord to the brain (Vue et 

al., 2020). Ascl1 is required to regulate and promote neurogenesis in the mammalian brain 

(Bertrand et al., 2002, Wilkinson et al., 2013). ASCL1 is a proneural transcription factor that 

is expressed highly in the proliferative zones throughout the rodent ventral telencephalon (Fode 

et al., 2000). It is expressed in the VZ of the human medial and lateral ganglionic eminence at 

6.5 PCW. Ascl1+ cells are mainly progenitors, as confirmed by double-labelling with cell 

division marker KI67 (Euiseok J. Kim, 2007). ASCL1 is a marker for all progenitor cells that 

engender GABAergic neurons, but is also expressed by a subset of intermediate progenitor 

cells in the human cerebral cortex that produce glutamatergic neurons (Alzu'bi and Clowry, 

2019). 

1.8.10 Zinc finger proteins (ZIC4)  

ZIC is a gene code for a small family of zinc-finger transcription factor proteins that play a 

crucial role in several developmental processes, including the growth and maturation of the 

neural tissues and the neural crest. The ZIC genes are also expressed within the postmitotic 

cells, located within the cerebellum, and the ganglionic cells of the retina. Zic4 is localised in 

the mouse embryonic diencephalon, from E9.6 (Aruga et al., 1996, Gaston‐Massuet et al., 

2005). Previous studies also indicated that its expression is prominent in the postnatal LGN. 

Research conducted in mice showed that at E11, the Zic4 transcripts were present at higher 

levels in the prethalamic cells and the eminentia thalami. Meanwhile, at E12, the Zic4 

transcripts were more prominent in the thalamus, epithalamus, and prethalamus. As the 

thalamic nuclei developed, the cells increasingly expressed Zic4 in the vLGN. The highest 

concentration of Zic4 was observed in the vLGN, and the medial regions of the Ha in the 

epithalamus at birth (Li et al., 2018). However, it is noteworthy that their densities were present 

in intermediate levels in the dLGN, and in the zona incerta, although expression was observed 

to be low in the midline thalamic nuclei, for example in the middle reuniens and the rhomboid 

nucleus, and absent almost entirely from the VP thalamic centres, VPL and VPM. These studies 

demonstrated that the expression of Zic4 contributes to the formation of thalamic nuclei when 

https://www.ncbi.nlm.nih.gov/gene/429
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they are close to the thalamus-prethalamus intersection, particularly the vLGN, although its 

expression pattern in human thalamic nuclei is yet to be understood clearly.  

1.9 Developmental Comparison of the Thalamus in Primates and Rodents  

Traditionally, researchers utilize mouse models to elucidate the underlying mechanisms of 

brain function in humans, due to the limited availability of human samples. There exist some 

innate differences between primate and non-primate species. For instance, the pulvinar is more 

complex in humans than in other primate species (Ouhaz et al., 2018). Moreover, the medial 

Pulvinar is not detectable, or is at best rudimentary, in rodents, and emerged first in primates 

(Homman‐Ludiye and Bourne, 2019). This section discusses the differences and similarities of 

the thalamus in primates and rodents. The figure below shows morphological comparisons of 

mouse, non-human primate and human embryo development (Figure1.12).  

 

 

 

Figure 1.12. Comparison of the developmental timelines of the neocortex and TCA in the mouse, 

marmoset, and human. 7 PCW correspond to E11in mice and E50 in marmoset. 8.5 PCW correspond 

to E12 in mice and E60 in marmoset. 10 PCW correspond E13 in mice and E70 in marmoset. 11.5 PCW 

correspond to E14 in mice and E80 in marmoset. 13 PCW in human correspond E15 in mice and E90 

in marmoset. 15 PCW in human correspond in E15 in mice  and E100  in marmoset (Alzu’bi et al., 

2019). 
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1.9.1 Size development of the thalamus 

The human thalamus has expanded medial nuclei compared to rodent (Ouhaz et al., 2018). In 

humans, the thalamic nuclei are enlarged and there is a clear boundary between the nuclei, due 

to the fact that the efficient packaging of the individual cells makes it easier for the observers 

to delineate the nuclei. In rodents, the thalamic nuclei blend with others without clear 

boundaries (Jones, 2007, Puelles et al., 2012b). 

1.9.2 GABAergic inhibition  

The GABAergic connections that link the reticular thalamic nucleus to the rest of the thalamus 

act as an inhibitory pathway, and control the responsivity of the thalamic relay cells (Rodrigo-

Angulo et al., 2008). In rodents and primates, the thalamus is distinct, with more GABAergic 

interneurons present within the individual thalamic nuclei of primates than in those of rodents 

(Arcelli et al., 1997, Nakagawa, 2019). Different fractions of GABAergic neurons have been 

identified in different thalamic regions. Previous studies demonstrated that in mice, 

interneurons in the FO visual thalamus, the dorsal lateral geniculate nucleus (LGNd), originate 

in the midbrain from an En1+Gata2+Otx2+Sox14+ cell lineage (Jager et al., 2016). Meanwhile, 

recent studies showed that while the largest proportion of thalamic interneurons in mice is 

generated in the En1+Sox14+ embryonic midbrain, there is an additional class that derives from 

the Nkx2.1-Lhx6-Dlx5+Foxd1+ inhibitory progenitor domains in the forebrain (Jager et al., 

2021). Midbrain-born interneurons are found largely in the sensory relays, while the forebrain-

generated interneurons reside in the HO thalamus, including MD, LD, and LP; Pul nuclei (Jager 

et al., 2021). Evidence in humans indicates that the DLX1/2-expressing ganglionic eminences 

(GE) in the telencephalon are the origin of interneurons for certain major HO thalamic nuclei, 

such as the mediodorsal nucleus and the Pul nucleus (Rakić and Sidman, 1969, Letinić and 

Kostović, 1997, Letinic and Rakic, 2001).  

In humans, GABAergic neurons are found throughout  the thalamus, originating either from 

extrathalamic sources or from inside the thalamus itself. Kim et al. (2023) asserted three 

clusters representing GABAergic inhibitory neurones (IN1-3) are contingent upon their origin 

in first trimester (Kim et al., 2023). IN1 and IN2 denote prethalamic neurones originating from 

prosomere 3, characterised by the presence of canonical markers PAX6, DLX5, SIX3, and 

ARX, (Mastick and Andrews, 2001, Nakagawa and O'Leary, 2001) and the absence of FOXG1, 

a pan-telencephalic marker. IN3 are likely GABAergic neurones originating from prosomere 

2/rostral thalamus (rTh), as indicated by the expression of LHX1, NKX2.2, OTX2, and SOX14. 
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While OTX2 and SOX14 are expressed in GABAergic neurones originating from the midbrain 

and the pretectum produced from prosomere 1, NKX2.2 is not expressed in GABAergic 

neurones from the pretectum and midbrain. Moreover, these cells do not exhibit LMO1 and 

IRX3, which are markers of the caudal diencephalon also found in midbrain-derived 

GABAergic neurones, indicating that the migratory stream of interneurons from the midbrain 

has not developed during the first trimester. In the second trimester, six clusters corresponding 

to GABAergic neurons were identified based on the expression of GAD1 and SLC32A1. IN1 

exhibited expression of OTX2 and SOX14, but predominantly lacking NKX2.2, a marker 

indicative of prosomere 2-derived GABAergic neurons, implying their classification as 

midbrain-derived GABAergic neurons (Jager et al., 2021). The GABAergic neuron subtype 

was absent in our first-trimester data; we hypothesise that this population likely constitutes a 

migratory stream that infiltrates the thalamus post-GW10. IN3 exhibited expression of EBF1, 

EBF3, ISLR2, and ESRRB, indicative of pretectal identity (Guo and Li, 2019, Mallika et al., 

2015). IN4 exhibited markers characteristic of the thalamic reticular nucleus, namely SIX3, 

ISL1, and SST (Li et al., 2020). The remaining three groups (IN2, IN5, and IN6) exhibited the 

pan-telencephalic marker FOXG1 (Tao and Lai, 1992). Prior anatomical investigations have 

indicated that in humans, GABAergic neurones originating from the ganglionic eminence 

migrate into the thalamus (Letinic and Rakic, 2001, Rakić and Sidman, 1969). FOXG1+ 

clusters were identifiable by their differential enrichment of PDZRN3 in IN2; CRABP1, 

ANGPT2, and MAF in IN5; and PENK, RARB, and RXRG in IN6. IN5 resembles a recently 

identified population of primate-specific interneurons that are positive for CRABP1 and 

MAF1, originating from the medial ganglionic eminences (MGEs) (Schmitz et al., 2022, 

Krienen et al., 2020). In conclusion, it was discovered through these studies GABAergic 

populations originating from the diencephalon, midbrain, and telencephalon, with the latter two 

emerging during the second trimester of human development. However, there also exists 

limitations to interpreting gene expression in thalamic cells as suggestive of extrathalamic 

origin. For example, although SOX14 marks GABAergic cells of midbrain origin, some 

SOX14 cells also originate in the ventral thalamus. However, the majority of SOX14 positive 

cells are of midbrain origin. 
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1.9.3 Thalamic nuclei  

Between E14.5 and E18.5 in mice, the diencephalon is progressively partitioned into discrete 

neuronal groups that signify their differentiation into nuclei (Jones, 2007, Chen et al., 2009). 

However in the study by Zoltan Molnar (2019), there was no evidence for the growth and 

establishment of discrete human thalamic nuclei at 8 PCW; indeed no thalamic nuclei were 

observed even at 12 PCW (human), the same developmental stage as mouse E14 (Molnár et 

al., 2019). 

Recent evidence demonstrated that the mediodorsal thalamic nuclei (MD) aids with cognitive 

processes, such as learning integration, working memory, and adaptive decision-making in both 

primates and rodents. Based on the morphological features, primate MD is divided into four 

subdivisions: magnocellular (MDmc), parvocellular (MDpc), caudodorsal (MDcd), and lateral 

mediodorsal nuclei (MDl). The rodent MD shows medial, central, and lateral mediodorsal 

nuclei. It is important to note that all thalamic nuclei, including the MD subdivisions, receive 

afferents from cortical layer 6. However, the HO thalamic nuclei and the mediodorsal nuclei 

subdivisions also receive cortical afferents from layer 5. Furthermore, the MD receives 

additional inputs from the medial temporal lobes, pallidum, reticular thalamus, and MD 

interneurons, although only in the primate midbrain and brainstem. Pulvinar connectivity, and 

its functions, have been studied in depth in non-human primates, and recently in humans as 

well. The Pul is a higher-order thalamic nucleus that receives its cortical inputs from layers (L) 

5 and 6, and sends projections back to the superficial layers of the same areas and L4 of HO 

areas. The Pul is the largest of the thalamic nuclei, and consists of various subnuclei, such as 

the anterior (PulA), medial (PulM), inferior (PulI), and lateral (PulL) Pul (Wilke and Kagan, 

2024). The dorsal Pul is constituted of PulM and PulL (Figure 1.13). Meanwhile, the medial 

Pul nucleus connecting the prefrontal cortex with the temporal lobe is only present in a vestigial 

form in rodents (Ouhaz et al., 2018).  
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Figure 1.13. Model of the pulvinar complex, subdivided into anterior pulvinar, medial pulvinar, 

lateral pulvinar, and inferior pulvinar. Abbreviations: anterior pulvinar (PuA), medial pulvinar 

(PuM), lateral pulvinar (PuL), inferior pulvinar (PuI), pulvinar medial subnucleus (PuMm), lateral PuM 

(PuMl), centromedial (PuIcm), dorsomedial nucleus of the PuL (PuLdm), centrolateral nucleus of the PuI 

(PuIcl) (Source: (Benarroch, 2015)). 

 

1.9.4 Thalamocortical afferent (TCA)  

 

Thalamocortical afferent (TCA) connections transmit subcortical information to the cortical 

areas to reconstruct a model of the external surroundings (Krsnik et al., 2017). The timeline of 

their development differs in different species. The study conducted by Alzu’bi et al. (2019) 

demonstrated that some TCA cross the diencephalic/telencephalic boundary (DTB) by 7 PCW 

(equivalent to E11 in mice) and reach the presubplate by 8.5 PCW in human (Alzu’bi et al., 

2019). This contrasted with previous studies that used acetylcholinesterase immunochemistry 

(Krsnik et al., 2017), and found that the TCA innervates the presubplate by 12-14 PCW. 

Conversely, in mice, the TCA crosses the DTB by E12. The study conducted by Alzu’bi et al. 

(2019)concluded that the phenomenon of TCA innervation, guided by corticothalamic 

afferents, occurs at different developmental stages in different species(Alzu’bi et al., 2019).  
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1.10 Thalamic Dysfunction in Neurodevelopmental Disorders 

The potential role of defects in thalamic function in neurodevelopmental disorders (NDDs) is 

not understood clearly. It has been known for a long time that SZ, for example, is a 

neurodevelopmental illness that arises due to defects in the prefrontal-thalamic-cerebellar 

circuitry (Smitha Karavallil Achuthan, 2023). Thus, it is important to study abnormalities in 

the thalamus, in order to determine its influence on disorders such as SZ. 

1.10.1 Thalamic nuclei that may be affected by neurodevelopmental disorders 

The thalamus acts as a relay centre in the brain, and controls both cognitive and motor 

functions. Individuals with SZ have cognitive difficulties, difficulty in tracking time with 

respect to space, and problems with their behaviour, displaying emotions, and maintaining 

interrelationships (Pergola et al., 2015). Such individuals also have difficulty with process 

coordination, priority determination, and retrieval, as well as with communicating (Byne et al., 

2009).  

The thalamus is comprised of relay and diffuse-projection nuclei that project towards motor 

and sensory cortical regions; it receives connections from the cortical regions, and sends them 

back for information processing. Defects that inhibit the relay between the cerebellum and the 

cortical regions through the pontine nuclei also cause cognitive disorders (Barch, 2014). 

 

  Mediodorsal nucleus  

 
The thalamic region studied most in relation to (SZ) is the MD nucleus, which performs both 

executive and cognitive functions, and is impaired in SZ subjects. Studies of non-human 

primates revealed that the connections from the medial and lateral MD project towards the 

more medial and lateral regions of the prefrontal cortex (Wang et al., 2015). The ablation of 

the prefrontal cortex in humans causes extensive retrograde degeneration in the MD, except in 

its magnocellular subdivision, that sends projections to the temporal and olfactory cortex. 

Meanwhile, post-mortem anatomical studies observed that the volume of MD is reduced in SZ 

subjects, compared with control specimens (Dorph-Petersen and Lewis, 2017). A comparison 

by Poels et al. (2014) of the MD volume between live SZ and healthy control subjects 

demonstrated the presence of a smaller MD in the SZ subjects, compared with the healthy 

control subjects. These studies employed younger subjects, and included a large sample 

number, and were therefore reliable sources for understanding the volume of the MD in SZ 

subjects. Meanwhile, comparison between post-mortem and live MRI studies revealed 
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variations in the volumetric studies. In the post-mortem subjects, this may be the result of a 

fixation shrinkage artefact, or the inadequate handling of partial sections (Pergola et al., 2017). 

Previous studies also demonstrated the importance of effect size for calculating the MD 

volume, in both live and post-mortem subjects. In addition to the MD volume, several studies 

reported a significant loss of neuronal number, and a pronounced neuronal deficit in the 

parvocellular division (Buchmann et al., 2014). However, the differences in neuronal numbers 

may have been due to a small sample size, disease severity, length of time the patient had had 

the condition, and symptom profile (Pergola et al., 2013). Thus, it was concluded that the 

reduction of the MD volume in SZ is more convincing than the neuronal number decrease.  

 

 The Pulvinar  

 
The somatosensory cortex forms connections with the anterior Pul. The ventrolateral portion 

of the lateral Pul has connections with the visual cortex, while the dorsomedial nucleus of the 

Pul is connected with the inferior parietal and prefrontal cortex. The medial Pul has connections 

with the sensory association areas, the cingulate cortex, and the prefrontal cortex (Benarroch, 

2015). The Pul is linked to visual, attention, visuospatial working memory, and language 

functions. Thus, humans with Pul lesions cannot perform the dichotic listening test, even 

though they demonstrate a performance in the presence of auditory stimuli. According to 

Dorph-Petersen and Lewis (2017) the Pul is involved with cortical mechanisms performing 

language tasks, and damage to the Pul causes paraphasic speech, and results in the use of 

jargon, a pattern observed in some patients with SZ (Dorph-Petersen and Lewis, 2017). 

Therefore, the Pul may have a role in a variety of functions, such as perceptual and oculomotor 

abnormalities, directed attention, and working memory, all of which are impaired in SZ 

sufferers. To date, six studies conducted by three independent researchers demonstrated that 

the volume of the Pul in postmortem subjects, as well as in the MRI scans of SZ subjects, is 

reduced (Delvecchio et al., 2013). Moreover, the volume deficit in the right hemisphere of the 

thalamus was found to be statistically significant. The bilateral volume deficit was also 

observed in a postmortem study, while a deficit in the Pul, but not in the MD, was identified in 

schizotypal personality disorder, a syndrome within the SZ spectrum (Höflich et al., 2015). The 

neuronal numbers observed were found to be reduced in the right hemisphere in three 

postmortem studies; while one study reported the deficit only in the medial Pul, the second 

study revealed a neuronal deficit in both the medial and lateral Pul. The discrepancies and 

inconsistencies in the neuronal deficit in both the lateral and medial regions of the Pul may be 
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due to the differences in its parcellation (Marenco et al., 2012). In healthy subjects, the 

thalamus and Pul show larger volumes in the right hemisphere of thalamus, while the 

asymmetry is altered in SZ subjects (Pergola et al., 2015). Thus, the neuronal deficit in the 

lateral Pul may be due to the anomalous lateralization. The effect sizes calculated and corrected 

for brain size demonstrated a large effect size on the right hemisphere in males, while it was 

comparable in the right and left hemispheres in females (Delvecchio et al., 2013).  

 

1.10.2  Susceptibility Genes for Schizophrenia 

 
While several neurological diseases exhibit comparable risk factors and pathological 

symptoms, their pathogenic cause remains elusive (Hu et al., 2019). The genome-wide 

screening and the mapping of several regions of the brain has engendered the identification of 

distinct susceptible genes in SZ (Karoutzou et al., 2008). To begin to understand the effect of 

these susceptibility genes on the pathogenesis of SZ it’s important to determine their location 

and developmental expression during normal human brain development. 

 

Given below are the SZ susceptibility genes explored in this thesis: 

 Neurexin (NXRN)  

 
In mammals, NXRN are coded for by three genes, namely NRXN1, NRXN2, and NRXN3 

(Reichelt et al., 2012, Kasem et al., 2018, Hu et al., 2019). Although 1,000 isoforms have been 

described, they can be divided into either α or β forms. The α isoform is transcribed from exon 

1 onwards, while the β form is shorter, and is transcribed from areas downstream of exon 17. 

Neurexin- α isoforms supposedly play a role as neural receptors for toxins such as latrotoxin 

that is the active component of black widow venom (Ushkaryov et al., 1992), while neurexin- 

β isoforms are crucial for maintaining the integrity and functionality of the neural synapses 

(Rowen et al., 2002). 

Recent genetic research indicated the link between NRXN mutations and numerous 

neuropsychiatric disorders (Kasem et al., 2018), of which NRXN genomic modifications were 

strongly linked to SZ and autism spectrum disorders (ASD) (Hu et al., 2019). Multiple studies 

have led to the revelation that deletions, truncations, and copy number variants in the NRXN 

genes, particularly in NRXN1, occur more frequently in individuals with neurodevelopmental 

problems than those in control groups (Reissner et al., 2013). In two separate studies, variations 
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in both the NRXN1β gene and NRXN1α gene have been identified in individuals with autism 

spectrum disorder (Feng et al., 2006, Friedman et al., 2006), respectively. In addition, the 

NRXN1 gene is well known for its significant association with schizophrenia (Hu et al., 2019). 

The NXRN are proteins that are expressed primarily in the pre-synaptic terminal, and have key 

physiological functions in synaptic development and maintenance (Matsuda and Yuzaki, 2011, 

Reichelt et al., 2012, Treutlein et al., 2014). Mouse models demonstrated that the removal of 

the first exon of neurexin-1 α enables uninterrupted access to the physiological effects of the 

disturbances on phenotypes related to SZ and ASD (Reichelt et al., 2012). However, the causal 

pathways by which NRXN impact the pathogenesis of the aforementioned mental and 

neurological conditions remains blurred, and requires further, more comprehensive, study 

(Kasem et al., 2018). It should also be noted that Harkin et al. (2017) demonstrated that during 

human cortical development, NRXNs may be expressed at locations other than the synapse, 

including in migrating cells and growing axons (Harkin et al., 2017).  

 

   Fasciculation and elongation protein zeta 1(FEZ1)  

 
The protein fasciculation and elongation zeta-1 (FEZ1) has been shown to be involved in axon 

and dendrite outgrowth (Chua et al., 2021), and it potentially interacts with a range of proteins, 

whose roles range from intracellular transport systems to transcription regulation (Razar et al., 

2022). In the human genome, the FEZ1 gene is located on a chromosome and encodes a protein 

of 392 amino acids with a molecular mass of 45 kDa. FEZ1 is a mammalian ortholog of UNC-

76, which is part of the family of C. elegans proteins, which were studied to elucidate the 

mechanisms of locomotory defects. Mice defective in Fez1 exhibit no anomalies in 

dopaminergic neurones; however, they demonstrate improper development of subplate 

neurones and thalamocortical axons, together with a loss of the fornix/fimbria system (Hirata 

et al., 2004). Fez1 is essential for the formation of subcerebral projection neurones in layer V 

of the neocortex (Chen et al., 2005a, Chen et al., 2005b, Molyneaux et al., 2005). Mice lacking 

in Fez exhibit atypical projections of olfactory sensory neurones and irregularities in olfactory 

bulb development (Hirata et al., 2006). The comparatively diminished forebrain phenotypes of 

Fez and Fez1-deficient mice indicate that Fez and Fez1 function redundantly in the patterning 

and development of the forebrain. It is also notable that FEZ1 has been demonstrated to be 

involved in the transport of multiple SNARE complex associated and axon growth associated 

proteins, e.g., syntaxin-1, SNAP25, synatoptagmin and GAP43, including other 

https://www.ncbi.nlm.nih.gov/gene/9638
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neurodevelopmental disease susceptibility candidates, e.g., neurexins, STXBP1 and DISC1 

(Toda et al., 2008, Kang et al., 2011, Chua et al., 2012, Butkevich et al., 2016, Razar et al., 

2022). 

Mice lacking FEZ1 move more quickly and are more sensitive to psychostimulants (Sakae et 

al., 2008). Its expression has been demonstrated to be diminished in the post-mortem brains of 

individuals with schizophrenia, associated with mutations in DISC1 (Disrupted in 

Schizophrenia 1) (Lipska et al., 2006) and the peripheral blood of schizophrenia sufferers 

(Vachev et al., 2015). Significantly, FEZ1-deficient stem cell-derived human motoneurons 

exhibit considerable developmental impairments in axon growth and synapse formation in vitro 

(Kang et al., 2011). Recent investigations have shown that FEZ1 expression is activated early 

in human brain development, and that in the absence of FEZ1, neuroprogenitors exhibit ectopic 

localisation and cortical layer formation is disrupted (Gunaseelan et al., 2021).  

 

1.11 Aims of this Project. 

 
The present study was conducted using precious human samples, to acquire accurate 

information regarding thalamic development, due to the innate differences that exist between 

humans and rodents. Furthermore, the first step in understanding the potential role of 

susceptibility genes linked to neurodevelopmental diseases is to determine where and when 

these genes are normally expressed during human development. Therefore, the following were 

the aims of the present study: 

1: To examine the cellular composition of the thalamus at 16 PCW, a pivotal stage in which 

thalamic nuclei begin to emerge, in order to gain critical insights into the region’s 

developmental architecture. 

 2: To investigate, map and analyse gene expression patterns across the developing human 

thalamus from 8 to 14 PCW in order to track the development of each thalamic nucleus with a 

particular focus on genes previously described as important markers of thalamic development 

in animal experiments. 

3: To understand when, where and in which cell types two schizophrenia susceptibility genes, 

NRXN1 and FEZ1 are expressed during development. 
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2 Chapter 2. Materials and Methods 

 

2.1 Human Tissue 

Human foetal tissue acquired from terminated pregnancies was obtained via the 

MRC/Wellcome Trust-funded Human Developmental Biology Resource (HDBR, 

http://www.hdbr.org; Gerrelli et al., 2015). The Newcastle and North Tyneside NHS Health 

Authority Joint Ethics Committee authorized the collection of all tissue samples obtained with 

the mother’s informed consent. HDBR Newcastle is a tissue bank that belongs to Newcastle 

Biobanks (http://www.ncl.ac.uk/biobanks/) (license number 12534). The age of the foetal 

samples ranged from 8 to 21 PCW. The ages were determined by measuring foot length and 

distance from heel to the knee, as described by (HERN, 1984). 

 

2.2 Tissue Processing and Sectioning 

The staff at HDBR Newcastle were responsible for performing the processing and sectioning 

of the embryonic and foetal material to produce paraffin sections. The isolated brain was placed 

in a solution containing 4% paraformaldehyde (PFA: Sigma Aldrich) dissolved in 0.1M 

phosphate buffer saline (PBS) at 4°C for at least 24 hours. After fixation, smaller whole or half 

brains were dehydrated with graded ethanol/water mixes (70% ethanol for 15 minutes, 100% 

for 45 minutes, and 2 x 100% for one hour) at room temperature after being divided sagitally. 

The larger fixed brains were cut into approximately equal-sized blocks before being dissected, 

with the number of blocks dependent on the size of the brain, prior to dehydration with graded 

ethanol/water mixes. The blocks were then submerged in xylene for two hours before being 

embedded in paraffin. Sagittal, horizontal, and coronal represented the three different planes 

through which blocks of brain tissue were sectioned using a Leica RM 2235 microtome with a 

thickness of eight microns.  
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2.3 Haematoxylin and Eosin Staining  

In order to provide reference sections, some of the paraffin sections were dewaxed with Histo-

Clear for five minutes to remove the wax, and then rehydrated using a series of ethanol dilutions 

(100%, 95%, 70%). The sections were washed with distilled water and then immersed in Harris 

hematoxylin solution (Raymond A Lamb Ltd., Eastbourne, UK) for one minute. They were 

then rinsed with tap water. The cell nuclei staining was developed by immersion in Scott’s Tap 

Water Substitute. The cytoplasm was then stained by treatment with eosin (1% aqueous 

solution, Raymond A Lamb Ltd) for 10 seconds and subsequently rinsed with tap water. The 

sections were re-dehydrated using a series of ethanol dilutions (70%, 95%, and 100%) and 

cleared in two rounds of Histo-Clear. Finally, the sections were mounted in DPX mounting 

media (Sigma-Aldritch, Poole, UK) according to Table 2.1.  

 

2.4 Transcriptomic Data Analysis  

In order to obtain information based on the gene expression, several databases were 

interrogated, including whole tissue and single-cell RNAseq. For the whole tissue RNAseq, we 

used the data uploaded to www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840 from 

Human Developmental Biology Resource (HDBR) expression resource-RNAseq (Lindsay et 

al., 2016). The analysis of the tissue RNAseq in this database was performed on 138 samples 

of cortical tissue obtained at ages ranging from 7.5 to 17 PCW, and from diverse sites along 

the anterior-posterior axis of the cortex, including the temporal lobe. The normalized data is 

presented as RPKM (Reads per kilo base per million mapped reads) values. 

𝑅𝑃𝐾𝑀 𝑜𝑓 𝑎 𝑔𝑒𝑛𝑒

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑠 𝑚𝑎𝑝𝑝𝑒𝑑 𝑡𝑜 𝑎 𝑔𝑒𝑛𝑒 × 103 ×  106

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑝𝑝𝑒𝑑 𝑔𝑒𝑛𝑒𝑠 𝑓𝑟𝑜𝑚 𝑔𝑖𝑣𝑒𝑛 𝑙𝑖𝑏𝑟𝑎𝑟𝑦  ×  𝑔𝑒𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛 𝑏𝑝
 

 For single cell (sc) RNAseq, a database referred to as the Cortical Development Expression 

Viewer CoDEx (solo.bmap.ucla.edu/shiny/webapp/), was used in order to conduct more 

research into the cell type specificity of the gene expression data. This database contained 

information on the expression of genes from human cortical tissue samples taken at 17/18 PCW  

(Polioudakis et al., 2019). The output graphs from this analysis are tSNE plots of normalized 

gene expression. 

An investigation of the cell-specific expression in the thalamus was conducted using scRNAseq 

data obtained a single-cell dataset from the Kriegstein laboratory, focusing on the 16 PCW 

http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840
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thalamus, which was available from https://nemoanalytics.org/. Briefly, single-cell 

transcriptomes were sequenced from microdissected regions of developing human brain tissue 

during the second trimester, which encompasses peak stages of neurogenesis. Cells were 

sampled from 10 distinct major forebrain, midbrain and hindbrain regions from 13 individuals. 

In addition, six neocortical areas were sampled from the same individuals: PFC, motor, 

somatosensory, parietal, temporal and primary visual (V1) cortex, resulting in 698,820 high-

quality cells for downstream analysis. Microdissections were performed carefully to sample 

target regions. However, these regions are putative during development, and small numbers of 

cells from neighbouring regions may have been included. The processes of normalization and 

the scaling of the data set was undertaken using NEMO software, and the percentage of 

mitochondrial content was maintained below 0.05% to focus on living cells. 2000 most variable 

genes were chosen for further analysis. PCA calculations were also performed using the same 

software for dimensionality reduction to summarize, visualize, and identify patterns in high 

dimensional transcriptomic data, and five principal components were selected to create clusters 

of cells with similar expression profiles using UMAP. The UMAP analysis detected 14 discrete 

clusters and each cluster was allocated a separate colour for separation purposes. The software 

provided lists of the genes expressed most highly in each cluster, and after generating UMAPS 

for each gene of interest, both the marker genes and certain cell types were identified for each 

cluster. The Human Developmental Biology Resource (HDBR) expression resource is a new 

resource for studying prenatal human brain development. For the whole tissue RNAseq, we 

used the data uploaded to www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840. 

 

 

 

 

 

 

 

 

 

 

https://nemoanalytics.org/
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840
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Table 2.1 Human foetal samples distributed by age and sectioning orientation. 

(Abbreviations: Human Developmental Biology Resource (HDBR)). 

 

Brain no.  HDBR sample ID number  Age  Sectioning orientation Image  

1  12932  8 PCW  Sagittal  

  

  
  

2  13341  10 PCW  Coronal  Not available  

3  N1798  12 PCW  Coronal  

  

4  15208  14 PCW  Coronal 

  

5  

  

13411  16 PCW  Horizontal 

  

6  13029-14037  19 PCW  Coronal  

  

7  

  

14081  21 PCW  Coronal  
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2.5 Immunohistochemistry (IHC)  

2.5.1  Immunoperoxidase histochemistry  

 

The paraffin sections were collected onto glass slides and then dewaxed in two rounds of Histo-

Clear, each for five minutes. This was followed by rehydration via four changes of ethanol 

grades (100%, 95%, 70%, and 50%). Endogenous peroxidase activity was blocked by treatment 

with methanol peroxide for 10 minutes (Table 2.2). The slides were rinsed in distilled water, 

then placed in containers and covered with sufficient citrate buffer at pH 6. The slides were 

heated in a microwave at high power for 10 minutes and then cooled in the buffer for 

approximately 20 minutes and washed with tris-buffered saline (TBS) buffer two times for five 

minutes (Table 2.2). This procedure was followed by incubation with a 10% blocking serum, 

from the same species in which the secondary antibody was raised in Tris buffer pH 7.6 for 1 

hour at room temperature (Table 2.3). The next step was incubation with a primary antibody 

diluted with a 10% blocking serum in TBS (Table 2.4). The sections were incubated overnight 

at 4°C and were washed in TBS on the second day and incubated with a secondary antibody 

HRP polymer kit peroxidase at room temperature for 30 minutes (Table 2.5). The sections were 

then washed again in TBS with two changes, each for five minutes, and diaminobenzidine 

(DAB) solution was added using muliple reagents from kit for 10 minutes (1 drop “Reagent 1” 

+ 2 drops “Reagent 2” + 1 drop “Reagent 3” in 2.5ml distilled water from Kit, Vector Labs), 

followed by washing in running water for 10 minutes (Table 2.2). The sections were 

counterstained with toluidine blue for 40 seconds, and dehydrated in ethanol grades (50%, 

70%, 95%, and 100%). The sections were kept in Histo-clear for one minute, and coverslipped 

using Histomount (Table 2.2).  
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Table 2.2. General materials. 

 

Table 2.3 Manufacturer and catalogue number of each serum used for blocking. 

 

Solution  Component  pH  Manufacturer  Concentration  

Scott’s Tap Water 

Substitute, 

3.5g of sodium bicarbonate 

 20g of magnesium sulphate 

1litre of distilled water 

--- Sigma Aldrich ------- 

10XTBS  8.75 g NaCl  

6.50 g Trizma base  

800 ml distilled water  

For preparing tris buffer saline: 100 ml 

from 10x TBS to 900 ml distilled water  

7.5  Sigma Aldrich  -------- 

10XCitrate buffer  
 

5.88 g of (C6H5NA3O7) H2O2 tris-sodium 

citrate 

2L distilled H2O 

For preparing citrate buffer 100 ml from 

10x citrate buffer to 900 ml distilled water  

6  Sigma Aldrich  0.1M  

30% hydrogen 

peroxide 

Methanol peroxide 

 3ml of 30% hydrogen peroxide (H2O2)  

180 ml methanol 

---- Sigma Aldrich 

Vector Laboratories 

-------- 

Diaminobenzidine 

tetrachloride (DAB) 

1 drop “Reagent 1” + 2 drops “Reagent 2” 

+ 1 drop “Reagent 3” 

2.5ml distilled water 

----- Vector Laboratories -------- 

Histo-Clear 200 ml  ------ Scientific 

Laboratory Supplies 

-------- 

Ethanol -------------------------------------- ------ Vector Laboratories  99% 

Histomount  250 µL on each section ------ Scientific 

Laboratory Supplies 

-------------- 

Toluidine Blue 250 µL in 2.5ml distilled water  ------  Sigma Aldrich --------------- 

Normal serum used for blocking Manufacturer of normal serum Catalogue number 

Normal goat serum  Vector Laboratories, Newark, CA, 94560, 

USA  

 s-1000  

Normal horse serum  Vector Laboratories, Newark, CA, 94560, 

USA 

s-2000  
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Table 2.4 Primary antibodies 

 

  

  

Primary 

antibody  

Species  Dilution  Supplier  RRID no.  

FOXP2  Mouse mAb  1/50  Santa Cruz Biotechnology, Heidelberg, Germany  AB_2721204  

  

GBX2  Rabbit pAb  1/500  Proteintech Europe, Manchester, UK  AB_2878896  

OTX2  Mouse mAb  1/200  Santa Cruz Biotechnology  AB_2921699  

PAX2  Rabbit pAb  1/1000  Abcam, Cambridge, UK  AB_2750924  

SP8  Rabbit pAb  1/200  Sigma-Aldrich, Sofia, Bulgaria  AB_2682340  

CALB1  Rabbit pAb  1/1000  Abcam, Cambridge, UK  AB92341  

CALB2  Rabbit pAb  1/500  Abcam, Cambridge, UK  AB108404  

NR2F1  Mouse mAb  1/500  Abcam, Cambridge, UK  AB41858  

NR2F2  Mouse mAb  1/1000  Perseus Proteomics, Tokyo, Japan  AB_2155627  

OLIG2  Rabbit pAb  1/1000  MerckMilliporeKGaA, Darmstadt, Germany  AB-10141047  

GAD1  Mouse mAb  1/500  Merck Millipore KGaA  AB_2278725  

GFAP  Mouse mAb  1/500  Proteintech Europe, Manchester, UK  AB_10838694  

ASCL1  Mouse mAb  1/1000  Santa Cruz Biotechnology  AB-10918561  

NRXN1  Goat pAb  1/500  Santa Cruz Biotechnology  AB_2236323  

GAP43  Mouse mAb  1/500  Santa Cruz Biotechnology  AB_627660)  

FEZ1  Rabbit pAb  1/500  Proteintech Group  AB_2877825  

Ki67  Mouse mAb  1/150  Santa Cruz Biotechnology  AB_627859  

TBR1  Rabbit pAb  1/1000  Abcam, Cambridge, UK  AB-2200219  

STXBP1 Rabbit mAb 1/500 Abcam, Cambridge, UK AB-109023 
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Table 2.5 Secondary antibodies used for immunostaining. 

 

 

 

2.6 Immunofluorescence (IF)  

2.6.1 Method single and double–label IF  

 
For single IF, the Tyramide Signal Amplification (TSA) method was followed, a procedure 

similar to the initial steps of immunoperoxidase histochemistry described above for dewaxing, 

antigen-retrieval, and primary antibody incubation. The tyramide signal amplification process 

includes the use of horseradish peroxidase (HRP) to enzymatically convert fluorophore or 

chromogen tyramides to covalently bind tyrosine residues on and surrounding the protein 

epitope targeted by the primary antibody. After removing the excess primary antibodies from 

the sections with TBS washes, the sections were incubated for 30 minutes at room temperature 

with the appropriate horseradish peroxidase (HRP)-secondary antibodies (Table 2.5). The 

remainder of the procedure was conducted with minimal exposure to light. The sections were 

incubated for 10 minutes at room temperature with Opal 570 TSA reagent (fluoresces red; 

diluted in amplification buffer (1:700 dilution)), followed by TBS rinsing. The sections were 

then mounted with mounting medium containing DAPI (Table 2.6).  

For double IF, a second round of fluorescent labelling was accomplished by repeating the 

citrate buffer treatment after incubation with Opal 570 in the TSA reagent. This was followed 

by washing in TBS, and incubation with 10% normal serum before incubating with a second 

primary antibody for two hours at room temperature, followed by HRP secondary antibodies 

for 30 minutes at room temperature. After washing, the sections were incubated with Opal 520 

Secondary antibody  Manufacturer  Catalogue number  

HRP horse Anti-rabbit  Vector Laboratories, Burlingame, CA 94010, USA   MP-7401 

HRP horse Anti-mouse  Vector Laboratories, Newark, CA 94560, USA   MP-7402 

HRP horse Anti-goat  Vector Laboratories, Burlingame, CA 94010, USA   MP-7405 

HRP goat Anti-rabbit  Vector Laboratories, Burlingame, CA 94010, USA   MP-7451-15 
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(fluoresces green) TSA reagent (1:700) for 10 minutes at room temperature (Table 2.6). 

Following TBS washing two times for five minutes each, the sections were mounted with 

prolong gold antifade reagent containing DAPI.  

 

2.7  In situ Hybridization  

2.7.1  Fluorescent in situ hybridization (RNAscope, multiplex v2 essay)  

 

HDBR prepared slides were put on a hotplate at 60°C for one hour and then cooled to room 

temperature. The sections on the slides were dewaxed in Histo-Clear, twice for five minutes 

each, and were then rinsed in 100% ethanol twice, each for two minutes. The slides were 

allowed to air dry, then were covered with hydrogen peroxide solution (from kit RNAscope 

Multiplex v2 essay, Table 2.7), and incubated for 10 minutes at room temperature. They were 

then rinsed in distilled water, twice for five minutes each, and transferred to boiling distilled 

water for 10 seconds at 95°C. The slides were then transferred to the target retrieval solution 

(Table 2.8) at 95°C and boiled for 20 minutes. The slides were washed twice again, using 

distilled water, then rinsed in 100% ethanol for three minutes and allowed to dry. The sections 

were outlined with a hydrophobic pen. The hybridization oven was maintained at 40°C, and a 

moist filter paper was placed inside, upon which the slides were kept in the Hybez tray. Protease 

Plus (ACD Biotechne) was added to cover each section, and these were then incubated for 30 

minutes at 40°C (Table 2.7).  

The slides were washed twice with distilled water for five minutes. The excess water was 

removed, and 120 µl of the probe (FEZ1, ZIC4, NRXN1, SOX14) was added to the sections, 

which were then incubated at 40°C for two hours. The probes were designed and supplied by 

ACD Biotechne (see Table 2.9 for further details). The slides were then washed in wash buffer 

(Table 2.8), twice each for two minutes, and stored overnight in saline sodium citrate (SSC) 

(Table 2.8) at room temperature. The excess liquid from the slides was removed the following 

day, and 120 µl of multiplex v2 amplification buffer (AMP1) from the kit was added to cover 

the sections, which were then incubated at 40°C for 30 minutes. Next, the slides were washed 

twice with wash buffer, each for two minutes (20 ml wash buffer in 980 distilled water) and 

the excess liquid was removed. Then, 120 µl of multiplex v2 amplification buffer (AMP2) was 

added to cover the sections, which were incubated at 40°C for 30 minutes. The slides were 

washed twice with wash buffer, each for two minutes, and the excess liquid was removed. After 

this, 120 µl of multiplex v2 amplification buffer (AMP3) was added to cover the sections, 
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which were incubated at 40°C for 15 minutes (RNAscope, multiplex fluorescent detection 

reagent v2 essay (Table 2.7). The slides were washed twice with wash buffer, each for two 

minutes, and 120 µl of horseradish peroxidase (HRP-C1 RNAscope, multiplex fluorescent 

detection reagent v2 essay) was added to cover the sections, which were then incubated at 40°C 

for 15 minutes (Table 2.7). After this, the slides were washed twice with wash buffer, each for 

two minutes, and the excess water was removed from the slides. Fluorophore Opal 570 (Akoya 

Bioscience) with TSA (1:700) was added, and they were incubated for 30 minutes at 40°C in a 

dark place. The slides were washed twice with wash buffer for two minutes each, the excess 

liquid removed, and 120 µl of horseradish peroxidase (HRP) blocker RNAscope, multiplex 

fluorescent detection reagent v2 essay was added to cover the sections, incubated for 15 

minutes at 40°C, then washed twice with wash buffer for two minutes each. Finally, the slides 

were mounted with Prolong gold antifade reagent with DAPI to stain the nucleus.  

 

2.7.2 Fluorescent in situ hybridization (RNAscope, multiplex v2 essay) with IF 

 
The protocol outlined in Section 2.7.1 was followed for one round of fluorescent RNAscope 

staining using only Opal 570. The sections were then rinsed in wash buffer, and the sections 

were placed in containers covered with sufficient citrate buffer pH 6. The slides were heated in 

a microwave on high power for 10 minutes and then placed in the buffer to cool for 

approximately 20 minutes. This was followed by an incubation period of 1 hour at room 

temperature in a 10% blocking serum from the same species in which the secondary antibody 

was raised from. Incubation with a primary antibody diluted with a 10% blocking serum in 

TBS followed, and the sections were incubated for two hours at room temperature. The sections 

were then washed in TBS and incubated with a secondary antibody polymer peroxidase kit at 

room temperature for 30 minutes. The sections were washed again in TBS with two changes 

every five minutes, and TSA (1:700) was added to the section with OPAL 520 (Akoya 

Bioscience). They were then washed three times with TBS for five minutes each. After 

washing, the sections were mounted with Prolong gold antifade reagent with DAPI to stain the 

nucleus.  
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2.7.3 RNAscope, 2.5 HD detection reagent-RED  

 

The protocol of in situ hybridization RNAscope discussed above was followed for the first day 

(RNAscope, 2.5 HD detection Reagent-RED kits) and at the end of the protocol the slides were 

kept and allowed to dry at room temperature. The sections were drawn around with a 

hydrophobic pen and left overnight at room temperature. On the second day, the HybEZ oven 

was switched on and the water bath was set at 40°C. A piece of filter paper was placed in the 

HybEZ tray and dampened with water. The slides were placed in the HybEZ rack. Protease 

plus was added to cover each section and then incubated for 30 minutes at 40°C. The slides 

were washed twice with distilled water for five minutes, and then the excess water was removed 

from the slides and 120 µl added to the probe (ZIC4, NRXN1, FEZ1) to cover the section, and 

then incubated at 40°C for two hours. The slides were then washed in a wash buffer, twice for 

2 minutes each (this was prepared from a 50x wash buffer). The excess liquid was removed 

from the slides and 120 µl of AMP1 from the RNAscope kit (2.5 HD detection Reagent-RED) 

was added to cover the sections and they were incubated at 40°C for 30 minutes; then the slides 

were washed in the wash buffer twice for 2 minutes each. The excess liquid was removed from 

the slides. This process was repeated, adding 120 µl of AMP2, followed by incubation at 40°C 

for 15 minutes. 

Following an initial wash in the wash buffer twice for two minutes each, the slides underwent 

liquid removal, and 120 µl of AMP3 was applied, followed by a 40°C incubation for 30 

minutes. Washes in the wash buffer 2x for 2 minutes each were then performed. After removing 

the excess liquid, 120 µl of AMP4 was introduced, and the slides were incubated at 40°C for 

15 minutes. Additional washes in wash buffer 2x for 2 minutes each ensued. After the removal 

of excess liquid, 120 µl of AMP5 was added, and they were incubated at room temperature for 

30 minutes. The slides were then washed in wash buffer 2x for 2 minutes each, and the excess 

liquid was removed before the introduction of 120 µl of AMP6, followed by a room 

temperature incubation for 15 minutes. Finally, the slides were washed in a wash buffer 2x for 

two minutes each.  

The RED-B was spun briefly, and one volume of RED-B was added to 60 µl of RED-A (this 

must be used within three to five minutes) (Table 2.7). The excess liquid was then removed and 

add 2µl of RED A solution to 120 µl of RED B onto each of the tissue sections. They were then 

incubated at room temperature for 10 minutes. The solution was removed from the slides and 

washed three to five times in distilled water. The slides were dipped briefly in toluidine blue 
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solution to counterstain them and then rinsed in running tap water. The slides were then dried 

on the slide hotplate or put in the oven at 60°C for 10 minutes and then the slides were dipped 

in Histo-Clear, mounted with Histomount (Table 2.2) and coverslipped.  

 

Table 2.6 Components of solutions commonly used for IF. 

 

 

 

 

Table 2.7.  RNAScope kits. 

 

 

 

 

 

 

 

 

 

 

 

Reagent  Cat. No Company  Colour  

Opal™ 520 Reagent Pack  

dissolved in 70ml of dimethyl sulfoxide  

FP1487001KT   Akoya Biosciences  Green dye  

Opal™ 570 Reagent Pack  

dissolved in 70ml of dimethyl sulfoxide  

FP1488001KT  Akoya Biosciences  Red dye  

Plus Amplification buffer  2506493  Perkin Elmer  Buffer solution 

Prolong gold antifade reagent with DAPI  P36931  Thermo Fisher Scientific Mounting media  

Kits  Lot  Company  Ref  

RNAscope, multiplex fluorescent detection 

reagent v2 essay  

2014108  ACD  323110  

RNAscope,2.5 HD detection Reagent-RED  2012950  ACD  322360  

RNAscope H2O2 and Protease reagent  2012293  ACD  322381  

RNAscope protease III &IV reagent  2014291  ACD  322340  
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Table 2.8 Components of solutions commonly used for RNAscope. 

 

Solution  Component  pH Company  Lot  

RNAscope wash buffer 

reagent  

For wash buffer in 60 ml wash 

buffer in 3 litres of distilled 

water  

--- ACD  2015345 

RNAscope target retrieval 

reagent  

20 ml target retrieval in 180 ml 

distilled water  

--- ACD  2011664 

20X SSC  88.23g of sodium citrate 

dehydrate  

175.23g of NaCl  

800 ml distilled water to make 1 

litre  

7 
 

Sigma 

Aldrich  

0.3MOL 

3/MOL 

 

 

Table 2.9.  RNAscope in situ hybridization probes used. 

Probe  Cat no.  Gene ID  Target region  Accession no Gene alias   No. of base 

pairs  

Hs-ZIC4  525661-C1  84107  2 - 1724  NM_001168378  N/A  23  

Hs-NRXN1  527151-C1  9378  744 - 6787  NM_001135659  Hs.22998  20  

Hs-FEZ1  468471-C1  9638  255 - 1433  NM_005103  UNC-76  20  

Hs-SOX14  1055251-C1  8403  282 - 1657  NM_004189  Sox28  20  

 

2.8  Slide Scanning  

All of the images of the immunoperoxidase staining and in situ hybridization red dye presented 

in this investigation were captured using a Leica slide scanner (APERIO AT2) version 

102.0.7.5. The images were obtained by the personnel at the Newcastle Biobank Imaging 

Facility at 20x image size. The exposure time was 32 ms, and image size was 95,548 x 24,705 

x 1 pixels. The processing of the images, which only included adjustment of brightness and 

sharpness, was achieved using the Adobe Photoshop software (version 2024).  
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2.9  Fluorescent Microscopy  

 
The sections marked with fluorescent molecules were observed using a ZEISS Cell-Discoverer 

7 microscope and ZEN 2011 (Blue Edition) software. The double IF images were acquired with 

a Zeiss AXIO imager z1 and 2 equipped with a DAPI blue filter, AF488 green filter, and Cy3 

red filter. Table 2.10 shows the excitation and emission values for the fluorophores utilized by 

this study. The images were taken using a 40x objective. The exposure time (8-180 ms) and the 

image size (8-16 mm) varied between images. The retouching of the images, which included 

adjustments to brightness, contrast, focus, colour balance, and the occasional removal of 

artefacts, was performed using Adobe Photoshop software (version 2024).  

 

Table 2.10. Fluorophore information. 

 

 

 

 

 

 

 

2.10  3D Mapping Model  

 
The primary objective of this study was to identify the thalamic structures within the human 

foetal forebrain. This was achieved via the construction of a 3D model that depicted the 

neurodevelopmental gene expression patterns. Subsequently, these patterns were visualized in 

various planes to facilitate further analysis.  

Chapter 4 presents a flowchart outlining the methodology undertaken by this study. The 

immunohistochemistry was performed initially on sections of the foetal brain to mark the 

regions of expression of transcription factors tested, which were later mapped onto virtual 3D 

models. Double-label IF was performed to confirm the boundaries established during the 

model-building process and to analyse the combinatorial gene expression.  

Filter  Excitation  Emission  Colour  

AF488  493  517  green  

Cy3  548  561  red  

DAPI  352  455  blue  
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The three-dimensional models are stored in Z:\HDBRes\data2\01_Amira. Select "Open Data" 

from the start screen and proceed to locate your model (foetal brain N11 13 PCW). Upon 

loading the file, it will shift to project view. The file is displayed as a green bar in the upper left 

panel. All properties will be located in the bottom left panel, while the huge panel on the right 

displays the 3D objects. To display an orthoslice, right-click the green bar or choose the arrow 

at the end, then navigate to display > orthoslice > create. Select "Display," then scroll down to 

"Volren" and choose "Create" to obtain a volume rendering of the model. A volume render can 

be integrated with a slide. 

Following this stage, 3D mapping will be started using Open Amira, specifically version 2021.1 

with the HDBR module installed. Upon accessing the model, navigate to File > Open Data and 

the gene expression images are chosen. Then select HDBR > 1-Plane Selection > generate and 

the selected tissue is dragged and dropped into Amira (Figure 2.1). Next, from the dropdown 

menu adjacent to data, the plane and angle of the models are adjusted to overlap the histological 

section by scrolling the mouse.  The next step is to right-click on the background and to select 

Create Object > HDBR > Landmark Registration. Then tiepoint is added to the left images first 

(3model), then the corresponding place in the right image is clicked to confirm the tissue is in 

good position with the 3D model (Figure 2.2). After this step, the signal is filtered by right-

clicking on the background and selecting Create Object > HDBR > Signal Filtration 

(Figure2.3). We have set the minimum and maximum threshold to exclude the brightest signals. 

The two photos will be displayed in the viewer windows, accompanied by blue overlays. To 

clean the registered filtered file, its name is chosen (it will turn green) and then the 

segmentation tab is clicked. The brush tool is utilised to apply paint over all elements you wish 

to eliminate. To visualise mapping data, select Create Object > HDBR > slice mapping, volume 

rendering and then voxelized rendering to integrate the slides into the 3D models (Figure 2.4).   
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Figure 2.1. Plane selection steps in 3D models of Amira program. 

 

 

Figure 2.2. Landmark steps in 3D models of Amira program. 
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Figure 2.3. Signal filtration steps in 3D models of Amira program. 

 

 

 

Figure 2.4 Slice mapping steps in 3D models of Amira program.  
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3 Chapter 3. Analysis of Single-cell RNAseq Data from the Foetal Human Thalamus 

at 16 PCW using Neuroscience Multi-Omic Analytics (NEMO). 

 

3.1 Introduction 

Several studies in mice have investigated gene expression patterns within the thalamus, 

revealing where specific genes are expressed across different thalamic nuclei. However, as 

previously mentioned, one of the key anatomical differences between rodents and humans is 

the absence of the pulvinar nucleus in the rodent thalamus. This difference is significant, as the 

pulvinar plays a major role in higher-order behaviours and is implicated in various 

neurodevelopmental disorders in humans.  

To explore the complexity of the human thalamus—particularly at early stages of 

development—single-cell RNA sequencing (scRNA-seq) data from the foetal human thalamus 

at 16 PCW can be analyzed. This approach enables us to distinguish various cell types based 

on their unique transcriptional profiles. By identifying marker genes that are highly expressed 

within each cell cluster, we can classify distinct cell populations with high resolution. 

Following this, histological staining using these marker genes allows for spatial mapping of 

cell types to specific thalamic nuclei in chapter 4. This integrative approach helps us understand 

not only the molecular identity of thalamic cells but also their anatomical localization, offering 

insight into the organization and development of thalamic nuclei—particularly those unique to 

the human brain, such as the pulvinar. Ultimately, this can enhance our understanding of the 

cellular architecture of the human thalamus and its potential links to neurodevelopmental 

conditions 

A cellular map of the 16 PCW thalamus was generated by employing basic bio-informatic 

methods, including PCA, followed by UMAP, for dimensionality reduction using the tools 

available the NEMO platform. The presence of different cell types - progenitor cells, excitatory 

neurons, OPC, GABAergic neurons, blood cells, and microglia in the developing thalamus was 

identified by confirming the expression of marker genes for each cluster, as supported by the 

extant literature. These findings will make a substantial contribution to the understanding of 

the developmental organization of the thalamus, aiding the investigation of which cell types 

express neurodevelopmental disease susceptibility genes, and providing crucial insights for 

future research into brain development and related illnesses. 
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For the purpose of this study, we examined the cellular composition of the thalamus during the 

16 PCW, using a technique called single-cell RNA sequencing (scRNA-seq). At the 16 PCW 

timepoint, the thalamic nuclei start to develop. This method facilitated a detailed analysis of 

the different types of cells present in the thalamus and their specific characteristics, providing 

a comprehensive understanding of their diversity and developmental stage within a spatial and 

temporal framework. By utilizing the (NEMO) platform, we analysed a single-cell dataset from 

the Kriegstein laboratory, focusing on the 16 PCW thalamus, which was available from 

https://nemoanalytics.org/.  

The Neuroscience Multi-Omic Analytics (NEMO) platform provides biologists with valuable 

access to single cell data, starting with the selection of a dataset for research and culminating 

with the use of diverse analytical techniques. One such tool is the principle component analysis 

(PCA), which is a statistical technique that enables dimensionality reduction while preserving 

as much variance as possible in the dataset. Another analysis tool, the Uniform Manifold 

Approximation and Projection (UMAP), facilitates the analysis of data using models to find 

relationships within the data. Use of UMAP after PCA enables the generation of a cluster map 

that facilitates the visualization of relationships in the data by, for instance, highlighting the 

key genes associated with specific cell type clusters in the developing human thalamus. It also 

highlights which genes are highly expressed (threshold mean expression > 1.5).  

 

3.2  Aim of the Study 

 
By using the NEMO database (https://nemoanalytics.org/) and gene mapping, we aimed to 

identify cell types in clusters from a single-cell dataset from the Kriegstein laboratory at 16 

PCW on the developing thalamus in order to understand where/if susceptibility genes are 

expressed in the thalamus. The NEMO database was consulted to access gene expression data 

and relevant annotations, and then the list of genes associated with cell-type clusters was 

obtained from the datasets published previously. The experimental results were then compared 

with the gene mapping and cluster detection from the NEMO database analysis, in order to 

understand how susceptibility genes, including transcription factors, are expressed in the 

forebrain, and in which cell types.  
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3.3 Methods 

 
We selected a single-cell data set from NEMO that covered the developmental time point and 

brain region 16 PCW thalamus taken from a human (Single Cell 10X RNAseq-Kriegstein) 

(https://nemoanalytics.org/). The processes of normalization and the scaling of the data set was 

undertaken using NEMO software, and the percentage of mitochondrial content was 

maintained below 0.05% to focus on living cells. For highly variable genes, PCA calculations 

were also performed using the same software, and five principal components were selected to 

create clusters of cells with similar expression profiles using UMAP. The UMAP analysis 

detected 15 discrete clusters and each cluster was allocated a separate colour for separation 

purposes (Figure 3.1 A). The software provided lists of the genes expressed most highly in each 

cluster, and after generating UMAPS for each gene of interest (Figure 3.1 B), both the marker 

genes and certain cell types were identified for each cluster. An example of a marker gene for 

each cluster is provided in Figure 3.1 A, however complete identification of each cluster came 

from an extensive investigation of several markers (see below). The marker genes were chosen 

using data drawn from the literature review such as genecards, human protein atlas 

(https://www.genecards.org/Search), Online Mendelian Inheritance in Man (OMIM) 

(https://www.omim.org/help/faq). In addition, a feature plot was produced to depict visually 

the cell markers utilised to identify each cell type. The results from the NEMO database 

provided a thorough delineation of the different cell types present in the thalamus at 16 PCW, 

offering vital knowledge concerning the developmental structure of the thalamus at 16 PCW. 

Each cell cluster was then examined in more detail. 

 

3.4 Results  

3.4.1 Transcriptomic cells in developing human thalamus at 16 PCW 

 

In Figure 3.1, the single cell RNAseq data for thalamus at 16 PCW was taken from the NEMO 

Analytics database and is presented here. Figure 3.1 A showed how these clusters are classified 

as different types of cells according to the type of genes expressed in each cluster (Figure 3.1 

B). UMAP plots were generated for some of the selected genes, such as GADD45B, MKI67, 

OLIG1, GAD1, DOK5, TCF7L2, CLDN5, HBA1 and CCL3. These UMAP plots effectively 

highlight the differential expression of these genes across the various neuronal clusters, 

facilitating understanding of how specific genes are associated with their distinct neuronal 

https://www.genecards.org/Search
https://www.omim.org/help/faq
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identities. For instance, MKI67 is commonly identified with cellular proliferation (cluster 4, 

purple), while GAD1 is a marker for inhibitory neurons (cluster 2 green). GADD45B 

characterizes quiescent progenitors and astrocytes (clusters 0, blue; 5, brown; 7, green) while 

OLIG1 expression is associated with oligodendrocyte and GABAergic neuron precursor cells 

(cluster 3, red); DOK5 is expressed in immature neurons and progenitor cells (9); TCF7L2 is 

expressed in all glutamatergic thalamic neurons (cluster 1, orange; cluster 6, pink; cluster 10, 

light orange; cluster 11, light green; cluster 12, rose). CLDN5 expression marks pericyte and 

endothelial cells (cluster 8, sky blue); HBA1 expression represents erythrocytes (cluster 13, 

lavender); and CCL3 expression (cluster 14, grey) is indicative of microglial cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 
 

 

Figure 3.1. Identification of cell types found in each cluster generated from NEMO, for the time 

point and brain region 16 PCW (thalamus from a human). (A) The UMAP represents the 15 clusters 

and their corresponding cell types. (B) The UMAPs represent key marker genes used to define each 

cluster: Expression of GADD45B characterizes quiescent progenitors and astrocytes (clusters 0, blue; 

5, brown; 7, green); MKI67 (concentrated in cluster 4, purple) indicates actively proliferating cells; 

OLIG1 expression is associated with oligodendrocyte and GABAergic neuron precursor cells (3, red); 

DOK5 is expressed in immature neurons and progenitor cells (9); GAD1 is expressed by GABAergic 

neurons (2); TCF7L2 is expressed in all glutamatergic thalamic neurons (1, orange; 6, pink; 10, light 

orange; 11, light green; 12, rose). CLDN5 expression is a marker for pericyte and endothelial cells (8, 

sky blue); HBA1 expression is indicative of erythrocytes (13, lavender); and CCL3 expression (14, grey) 

identifies microglial cells. 
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3.4.2 Clusters 0, 5, and 7. Quiescent radial glia and astrocytes  

 

Table 3.1 and Figure 3.2 provide a detailed summary of the highly expressed genes (threshold 

expression > 1.5) observed in clusters 0, 5, and 7, from which we deduced that these clusters 

contained quiescent progenitor cells and astrocytes. The 46 genes in Table 3.1, which represent 

the most highly expressed genes across all three clusters, were derived from the NEMO data at 

16 PCW in the human thalamus. According to the extant literature for instance, genecards, 

human protein atlas, Online Mendelian Inheritance in Man (OMIM), these genes are accurate 

indicators for determining cellular identity and state. The genes linked to radial glial (RG) cell 

signature profiles are highlighted in grey, while the genes associated with astrocytes are shown 

in green. The genes that were expressed in both the RG cells and the astrocytes are highlighted 

in yellow boxes, indicating their similar properties. Red indicates the expression of certain 

genes in all three clusters (0, 5, and 7), suggesting a possible functional or developmental 

overlap between the cell types. The genes that exhibited significant expression primarily in 

clusters 0 and 7 are indicated in blue, while those expressed mainly in clusters 0 and 5 are 

indicated in purple. The genes that exhibited high levels of expression in clusters 5 and 7 are 

indicted in brown text. In addition, there were distinct expression patterns that could be 

observed with the genes expressed exclusively in cluster 0, which are represented in black text. 

Similarly, the genes exclusive to cluster 5 are shown in orange text, while those specific to 

cluster 7 are displayed in green. Genes GADD45B, GFAP, SLC6A11, HES1 and HES5, SOX2, 

SOX9, PAX6, HOPX, C1orf61, PTPRZ1, and FABP7 are known to be expressed in either radial 

glial cells or astrocytes, or both. Their strong expression (threshold expression > 1.5) in clusters 

0, 5, and 7 suggested the presence of these cell types. 

Based on the gene expression patterns that were both common and distinct, it was not possible 

to classify any of the clusters, 0, 5, or 7, as consisting solely of astrocytes or progenitor cells. 

The findings presented a complicated biological continuum, in which distinct clusters 

contained cells that combined features from both RG and astrocyte cells. Indeed, it was 

observed by previous researchers that RG cells contain several glial proteins and global 

transcriptome analyses revealed similarities between RG cells and astrocytes (Götz et al., 

2015). The next sections discuss the evidence for considering certain genes to be clear markers 

for certain cell types. 
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Figure 3.2. Quiescent progenitors and astrocytes. The expression of a number of marker genes within 

clusters 0, 5, and 7 identified as expressed by quiescent progenitors and astrocytes. SLC6A11 

expression is characteristic of astrocytes, and GADD45B, GFAP, and HES5 are characteristic of 

progenitors and astrocytes, showing an expression pattern largely confined to these three clusters. The 

basal RG marker HOPX is confined to cluster 5. Other genes (SOX9, HES1, SOX2, C1orf61, PTPRZ1, 

and FABP7) are expressed strongly in clusters 0, 5, and 7, but also in other clusters containing actively 

dividing progenitors (4) or progenitor or precursor cells mixed with other cell types (3 and sometimes 

9). Note that HOPX and HES1 are also expressed strongly by putative endothelial cells (8), PAX6 by 

some GABAergic neurons (2), and SOX2, C1orf61, and FABP7 are expressed moderately in the 

glutamatergic neuron cluster groups (1, 6, and 10-12). 
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Table 3.1. Quiescent progenitors and astrocytes (0, 5, 7). Summary of the 46 genes expressed 

most highly in each of clusters 0, 5, and 7. The colour of the box identifies the known cell 

specific markers (see legend). The colour of the text identifies the genes expressed in either 

single or multiple clusters. From this analysis, it was difficult to assign different cell types to a 

specific cluster. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 5 7 

MFGE8 RPS15A APOE SLC6A11 APOE TSC22D4 

PTPRZ1 GADD45B CST3 NTRK2 GADD45B LUZP2 

CST3 PAX6 CLU S100A13 CST3 CXCL14 

DBI NFIA TTYH1 PON2 C1orf61 FOS 

PTN QKI PTN PMP2 CLU SOX2 

FOS RPL13A GPM6B ALDOC HES5 PLPP3 

MT3 NDRG2 1orf61C CNN3 FABP7 NFIA 

TTYH1 RPS27 AQP4 TSC22D4 PTPRZ1 S100A16 

EGR1 RAMP1 PTPRZ1 FABP5 EDNRB QKI 

HES5 NFIB CANB TFPI TTYH1 CPE 

PMP2 RPL30 EDNRB NFIA PTN SLC6A11 

NRXN1 VIM DBI NRXN1 GPM6B HMGCS1 

CNN3 SOX9 MT3 MT1E MGST1 JUN 

FABP7 S100B CPE PSAT1 SOX9 PMP2 

SOX2 RPL41 PLPP3 NKAIN4 MT3 NCAN 

HES1 H3F3B MGST1 GJA1 AQP4 NFIB 

BCAN CXCL14 SOX2 FEZ1 ID2 SAT1 

JUN S100A13 FABP7 ID2 JUNB ATP1A2 

GPM6B MGST1 LUZP2 NCAN CNN3 NTRK2 

TSC22D4 RPLP1 NDRG2 SERPINE2 NDRG2 H3F3B 

PON2 GFAP RAMP1 HOPX DBI IDI1 

APOE RPS27A S100B GLUD1 GFAP PON2 

FABP5 ADGRG1 CXCL14 MT2A HES1 MFGE8 

KEY: 

Genes in 0, 5 and 7 clusters red 

Gene in clusters 0 and 7 blue  

Genes in clusters 0 and 5 in 

purple  

Genes in clusters 5and 7 in 

brown 

Genes in 0 cluster in black 

Genes in 5 cluster in orange 

Genes in 7 region in green 
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 Justification for using the following marker genes to identify clusters 0, 5, and 7  

 

GADD45B (clusters 0 and 7) 

 

The growth arrest and DNA damage-inducible beta protein is also known as GADD45B. The 

study by Shen et al. (2022) noted that previous research concerning GADD45B mainly studied 

non-neuronal cells. GADD45B plays an essential role in the regulation of the cell cycle, 

controlling growth and differentiation in the mammalian central nervous system (CNS) during 

development. Moreover, this protein interacts with a variety of effectors to regulate DNA 

repair, cell cycle arrest, apoptosis, and differentiation (Shen et al., 2022). Gadd45b can also be 

seen in the progenitor cells of the midbrain and the hindbrain, and exhibits weak expression in 

the forebrain in mouse embryonic development (Sultan and Sweatt, 2013). The study by (Jun 

et al., 2015) demonstrated that this gene regulates the growth of quiescent radial glia-like 

(RGL) neural stem cells (NSCs) and non-RGL neural precursors in the hippocampus of adult 

mice in response to electroconvulsive shock. It was also observed in the post-mortem human 

prefrontal cortex that GADD45b is expressed in glial cells (Gavin et al., 2012), as observed in 

the co-localization of GADD45B with S100B. To our knowledge, no study to date addressed 

the verification of the expression of GADD45B in the developing forebrain. The mapping 

obtained from the NEMO database by the present study revealed a robust expression of 

GADD45B in the developing human thalamus at 16 PCW, particularly in the cells classified 

within clusters 0 and 7, which therefore likely corresponded to both RG cells and astrocytes. 

 

SRY-box transcription factor 2 (SOX2) (clusters 0, 5, and 7) 

SOX2 is expressed in different cell types within the brain; for example, progenitor cells, 

astrocytes, oligodendrocytes, neural precursors, GABAergic interneurons, and glutamatergic 

neurons (Mercurio et al., 2019, Mercurio et al., 2022). The study by (Eze et al., 2021) confirmed 

that SOX2 is expressed in RG cells in the early developing foetal human brain. Moreover, 

SOX2 is a typical apical RG protein and is also expressed in truncated RG cells (Voigt, 1989). 

The expression of SOX2 in astrocytes was validated by (Kim et al., 2023). In the present study, 

SOX2 was expressed highly across all three clusters, confirming the ubiquitous nature of this 

marker.  
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Protein Tyrosine Phosphatase Receptor Type (PTPRZ1) (Clusters 0, 5, and 7)  

PTPRZ1 exhibits significant expression in glial cells, specifically OPCs, oligodendrocytes, and 

the astrocytes present in the CNS (Lamprianou et al., 2011; Nagai et al., 2022). Previous studies 

reported its presence in Purkinje cells (PCs) and in the Bergmann glia in postnatal rat cerebellar 

cortices and neuronal axon fibres during growth (Wang et al., 2020). In U373-MG cells, the 

PTN–PTPRZ complex causes PTPRZ1 tyrosine phosphatase inactivation. This signalling 

pathway is associated with the migration of neural cells in the brain cortex (Santana-Bejarano 

et al., 2023). The multiple roles potentially played by this protein were reflected in the present 

study by its expression in all three clusters. In conclusion, PTPRZ1 expressed in both 

progenitor cells and astrocytes in three clusters 0, 5 and 7. 

Fatty Acid Binding Protein (FABP7) (Clusters 0, 5, and 7) 

FABP7 is critical for the establishment of the RG cell fibre system, as well as the development 

of cortical layers (https://www.uniprot.org/uniprotkb/O15540/entry#function) in the 

developing brain. It is present in both the RG cells of the embryonic brain and in the astrocyte 

and precursor cells. Specifically, it was detected in adult brains in mammals (Gerstner et al., 

2023), as well as in the astrocyte cell and oligodendrocyte progenitor cells in the developing 

mouse brain (Hara et al., 2020). Its expression by a broad range of cell types was reflected in 

the present study by its appearance as a marker for all three clusters. Fabp7 is a downstream 

gene of Pax6 and it is critical during early cortical development in rats for maintaining 

neuroepithelial cells (Arai et al., 2005). Therefore, FABP7 expressed in three clusters 0, 5 and 

7 in both progenitor cells and astrocytes. 

Chromosome 1 open reading frame 61 (C1orf61) (clusters 5 and 7) 

C1orf61 is expressed in high levels in neural progenitor cells in the mouse brain (Eze et al., 

2021). According to the Online Mendelian Inheritance in Man (OMIM) database, C1orf61 is 

expressed in the proliferating and migrating cells of the VZ of the early-developing human 

brain (Entry - *618747 - CHROMOSOME 1 OPEN READING FRAME 61; C1ORF61 - 

OMIM). C1orf61 is expressed in progenitor cells in the human brain by the co-expression 

studies of SOX2 and C1orf61 in the human embryonic brain at 16 PCW (Eze et al., 2021). 

C1orf61 expressed in cluster 5 and 7 which marks progenitor and astrocyte cells. 

https://www.uniprot.org/uniprotkb/O15540/entry#function
https://www.omim.org/entry/618747?search=C1orf61%3A&highlight=c1orf61
https://www.omim.org/entry/618747?search=C1orf61%3A&highlight=c1orf61
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Solute Carrier Family 6 Member 11 (SLC6A11) (clusters 5 and 7) 

SLC6A11 allows the transportation of GABA into the glial cells (Hu et al., 2020). It is 

important to note that GABA is a major inhibitory neurotransmitter in the CNS, and its 

transport is crucial for regulating GABAergic neurotransmission and for maintaining 

neurotransmitter homeostasis. The expression of SLC6A11 in astrocytes was verified by the 

Human Protein Atlas (SLC6A11 protein expression summary the human protein atlas. 

Available at: https://www.proteinatlas.org/ENSG00000132164-SLC6A11), and  by (Yeh et al., 

2023). To my knowledge, there is no evidence in the extant literature for SLC6A11 being 

expressed in progenitor cells, although the present study’s analysis by the NEMO database 

suggested it may be present in the developing thalamus. CLC6A11 expressed in progenitor and 

astrocyte cells in cluster 5 and 7 which marks. 

Glial fibrillary acidic protein (GFAP) (clusters 0 and 7) 

GFAP, which is a type III intermediate filament, is known as a specific marker of certain classes 

of astrocytes (Yeh et al., 2023) and is present in the astrocytes located in the thalamus (Hol and 

Pekny, 2015, Torres-Platas et al., 2016, Kim et al., 2023). GFAP shows high expression in the 

forebrain, indicating the presence of a large population of astrocytes responsible for regulating 

high neuronal activity (Joppé et al., 2020). A recent study demonstrated that GFAP is expressed 

in the apical RG cells in the developing foetal human brain, and also identified its lack of co-

expression with HOPX, which is expressed in basal RG cells (Holst et al., 2023). In contrast, 

(Voigt, 1989) claimed that GFAP is expressed in both the apical and basal RG cells in the 

developing human cortex. GFAP is present in actively dividing RG cells in the VZ at GW 13, 

and in the neural progenitor cells of the SVZ at later stages of gestation in the developing 

human cortex (Middeldorp et al., 2010, Arellano et al., 2021). Meanwhile, Arellano et al. 

(2021) demonstrated that GFAP is expressed in the dividing progenitor cells in macaque 

monkey embryos’ cerebral cortex (Arellano et al., 2021). The present study confirmed that 

GFAP immunoreactivity is expressed in the thalamus at 19 PCW, with strong expression in the 

VZ (presumptive RG cell) and the astrocytes (Figure 3.3). GFAP was highly expressed in 

clusters 0 and 7, again suggesting that these clusters may contain both RG and astrocytes. 

https://www.proteinatlas.org/ENSG00000132164-SLC6A11
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Figure 3.3. GFAP expression in the human thalamus at 19 PCW. It is highly expressed in the VZ in 

RG cells, and among the astrocytes in the mantle of the thalamus. Abbreviation: Thalamus (TH); 

ganglionic eminence (GE); ventricular zone (VZ); Cortex (CRX); hypothalamus (Hpth); astrocyte (AS); 

radial glial (RG). 

 

Hairy enhancer of split homologs 1 and 5 (HES1 and HES5) (clusters 0 and 7) 

HES1 and HES5 are members of the basic helix-loop-helix (bHLH) family of transcription 

factors. These transcription factors play a crucial role in regulating cell fate decisions, 

particularly in stem cells and progenitor cells, in order that progenitors are sustained in an 

undifferentiated state that prevents their premature differentiation to neurons (Ross et al., 

2003). HES1 is expressed in the neuronal stem cells of the developing brain (Ohtsuka et al., 

2001). Moreover, it is expressed in progenitor cells in the foetal human thalamus (Kim et al., 

2023). HES5 is expressed highly in RG cells, including during the foetal embryonic human 

brain (Eze et al., 2021). Previous studies of the developing mouse brain suggested that hes1 

and hes5 are expressed highly in the VZ, which contains RG cells (Ohtsuka et al., 2001). 

Moreover, Kageyama et al. (2007) observed that hes1 and hes5 are expressed mainly in the RG 

cells in the mouse brain. This suggested that clusters 0, and 7 may contain a high proportion of 

RG cells and/or other progenitors (Kageyama et al., 2007). 
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SRY-box transcription factor 9 (SOX9) (clusters 0 and 7) 

SOX9 is known to be present in both astrocytes and progenitor cells in the human and mouse 

brain during development (Sun et al., 2017). SOX9 plays a crucial role in the process of 

astrogliogenesis from stem cells and progenitor cells by following a Notch-dependent pathway 

(Neyrinck et al., 2021). SOX9 is produced highly in the developing CNS by neural epithelial 

progenitor cells in the VZ of the CNS (Vogel and Wegner, 2021). Moreover, Sox9 is 

upregulated by the MAPK/PI3K signalling pathway and is downregulated by miRNAs in mice 

(Ashrafizadeh et al., 2021). The study by Ung et al. (2021) found that the loss of SOX9 function 

in the astrocytes present in the olfactory bulb of an adult mouse deteriorates the neural sensory 

response maps, while some studies observed that SOX9 is expressed in astrocytes in human 

brain development. In summary, SOX9 is a marker for both astrocytes and progenitor cells in 

two clusters 0 and 7 (Götz, 2013, Götz et al., 2015, Huttner, 2023).  

Paired Box 6 (PAX6) (cluster 0) 

PAX6 is expressed in the proliferative neuroepithelial of the VZ in the forebrain, hindbrain and 

progenitor cells during development. It also maintains mitotic cells in the SVZ in the adult 

mouse forebrain (Duan et al., 2013). The study by Inoue et al. (2000) found that the expression 

of Pax6 in the neuroepithelial cells appears during the initial stages of brain development 

(Inoue et al., 2000). Pax6 plays a crucial role in CNS development in processes such as brain 

patterning, neuronal specification, neuronal migration, and axonal projection (Osumi, 2001, 

Simpson and Price, 2002). Moreover, Pax6 promotes neuronal differentiation in the cerebral 

cortex during development (Arai et al., 2005). At the protein level, KAT2A downregulates 

PAX6 expression, thereby promoting neuronal differentiation (Shohayeb and Cooper, 2023). 

Previous studies also revealed that PAX6 is expressed strongly in RG cells during the 

development of the cerebral cortex in mice (Götz et al., 1998, Thakurela et al., 2016). 

According to Clegg et al. (2015), postmitotic neurons in the dorsal thalamus do not express this 

gene (Clegg et al., 2015). A recent transcriptomic study of the developing human thalamus 

found that PAX6 is expressed in RG cells, other progenitor cells, and inhibitory neurons (Kim 

et al., 2023). PAX6  is also expressed in RG cells in the human cortex (Bilgic et al., 2023). In 

the mice cortex, pax6 is expressed in the VZ (Walther and Gruss, 1991). In the human brain, 

PAX6 is expressed in the proliferative zone, is weak in the SVZ, and may reach the 

intermediate zone at 9-11 PCW. Therefore, PAX6 is a marker for progenitor cells in cluster 0.  
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Homeodomain-only protein (HOPX) (cluster 5) 

HOPX is a marker for the basal (outer) RG cell in the developing primate cerebral cortex, and 

is expressed principally in the SVZ (Nowakowski et al., 2017, Huttner, 2023). The thalamus 

also has an SVZ, but the existence of basal RG in the thalamus has not been explored 

extensively. HOPX also can be expressed in cortical astrocytes (Falcone et al., 2021). The 

present study identified a high expression of HOPX is a distinct feature of cluster 5, although 

it was also expressed in lower levels in clusters 0 and 7.  So HOPX is marker for progenitor 

cells which is present in cluster 5. 

 Summary 

In summary, the cell clusters 0, 5, and 7 identified by the database employed for the purpose 

of the present study represented non-dividing progenitor cells, including RG, and probably also 

astrocytes, that share similar gene expression profiles, which made it challenging to distinguish 

between the clusters. Although each cluster contained several unique highly expressed genes, 

each unique set contained genes that subserved a number of biological functions, which made 

it hard to assign a specific cell type to each. 

 

3.4.3 Cluster 2: GABAergic Neurons 

 
Table 3.2 and Figure 3.4 display a comprehensive compilation of the genes expressed in cluster 

2. Various genes were examined to emphasise their distinct expression patterns in this cell type. 

The genes GAD1, GAD2, SOX14, OTX2, FOXP2, and NR2F2 showed considerable expression 

in cluster 2 (Figure 3.4). These genes serve as crucial indicators for GABAergic neurons, 

confirming the identification of this specific cell type. The presence of GAD1, GAD2, SOX14, 

and OTX2 demonstrated expression that was confined largely to cluster 2, with some expression 

in cluster 3, which was likely to contain immature GABAergic neuron progenitors and 

precursors (see below Section 3.4.4). Both FOXP2 and NR2F2 were also expressed strongly in 

cluster 2 but FOXP2 was also expressed strongly in the glutamatergic neuron cluster grouping, 

and NR2F2 was expressed strongly in the quiescent progenitor/astrocyte grouping, 

demonstrating that these markers are not unique to GABAergic neurons.  

 

GAD1 and GAD2, SOX14, and OTX2 are all important indicators for the function of inhibitory 

neurotransmitters in the CNS (González-Maya and González-Barrios, 2021, Pan, 2012, 
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Makrides et al., 2018, Golding et al., 2014). Furthermore, recent transcriptomic research 

performed by Kim et al. (2023) in human tissue demonstrated the expression of SOX14 and 

OTX2 in the GABAergic neurons in the thalamus, originating from the midbrain (Kim et al., 

2023). At the midgestational stages of rat embryonic development, Otx2 is expressed in some 

GABA-immunoreactive migrating-like neurons in the reticular thalamic migration region 

(Rtm) and zona limitans intrathalamica (Zli) and the dorsal thalamus (Inverardi et al., 2007). 

Additionally, Alzu'bi et al. (2017) investigated the expression of Nuclear Receptor Subfamily 

2 Group F Member 2 (NR2F2, also known as COUPTFII), which is present in the GABAergic 

interneurons in the cerebral cortex, originating from the ventral caudal ganglionic eminence 

(Alzu'bi et al., 2017). In the diencephalon, it is expressed strongly by the GABAergic neurons 

of the prethalamus, which again may migrate to the thalamus (see Chapter 4, Section 4.4).  

FOXP2 is expressed in the postmitotic cells between E14 and E16 in a cortical layer of the 

embryonic mouse brain (Kast et al., 2019). FOXP2 is also expressed in GABAergic neurons in 

the subpallium, posterior tuberculum, thalamus, and medulla oblongata. In the developing 

zebrafish brain, foxp2 co-localizes with the GABAergic neuron marker GAD1, and is thereby 

indicative of their functional link (Lüffe et al., 2021). In conclusion, Cluster 2 highly expressed 

with marker genes for GABAergic neurons and can be classified as a GABAergic neuron 

cluster. 
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Figure 3.4. Example marker genes expressed highly in cluster 2 (GABAergic neurons). GAD1, 

GAD2, and SOX14 expression is confined largely to cluster 2, with some expression in cluster 3 

(believed to contain immature GABAergic neuron precursors). OTX2, FOXP2, and NR2F2 expression 

is also highly characteristic of cluster 2, although OTX2 and NR2F2 are also expressed more widely 

among various clusters containing progenitor cells, and FOXP2 shows strong expression in cells 

identified as glutamatergic neurons. 
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Table 3.2. The 28 genes expressed most highly in cluster 2 (GABAergic neurons).This list 

includes a number that are associated exclusively with GABAergic neurons, or their precursors, 

in the forebrain (green); GAD1 and GAD2 (coding proteins that synthesise GABA (green); 

DLX1, DLX5, and SOX14,OTX2 (coding transcription factors that specify GABAergic neurons 

(blue); and other transcription factors that are associated strongly with GABAergic neurons 

specification and maturation, such as LHX1, LHX5, SP8, and NR2F2 (red). Other highly 

expressed genes are characteristic of neurons in general, for example MAP2, NRXN1, and 

CNTNAP2 (orange). The other highly expressed genes in Cluster 2 are depicted in black. 
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GAD2 LHX5 

SP8 DLX5 

PTMA GAD1 

FOXP1 MAP2 

SOX14 NRXN1 

LHX1 BASP1 

CD24 SIX3 

  

NR2F2 AKAP9 

TUBA1A LY6H 

OTX2       CNTNAP2 

MARCKSL1 KIT 

SOX4 CXADR 

DLX1 FEZ1 

ZNF804A LMO1 
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3.4.4  Cluster 3: Immature GABAergic Neurons and Oligodendrocyte Precursor Cells 

Table 3.3 and Figure 3.5 show that in cluster 3, like cluster 2, there was a high expression of 

genes such as GAD1, NR2F2, and GAD2, which is typical of GABAergic neurons. However, 

we also identified the expression of genes that are characteristic of OPCs, such as OLIG1 and 

OLIG2 (Oligodendrocyte Transcription Factors 1 and 2 also expressed by GABAergic neuron 

precursors), as well as ADGRB1 and PDGFRA in this cluster (Figure 3.5). According to Szu et 

al. (2021), OLIG1 and OLIG2 are expressed in oligodendrocytes, neuronal, and glial cells in 

the CNS. Hence, the expression of both genes suggests the presence of OPCs, which are 

precursors to mature oligodendrocytes responsible for myelination. However, both genes can 

also be found expressed in the precursors of GABAergic neurons in the human forebrain 

(Alzu’bi et al., 2017). Moreover, PDGFRA is expressed highly in oligodendrocyte progenitor 

cells in the developing human thalamus (Kim et al., 2023). The transcription factor SOX2 is 

expressed in different cell types within the brain, maintaining neural stem cell pluripotency, 

but is also expressed in post-mitotic cells, such as progenitor cells, astrocytes, 

oligodendrocytes, neural precursors, GABAergic interneurons, and glutamatergic neurons 

(Mercurio et al., 2019, Mercurio et al., 2022). Moreover, PMP2 is expressed in 

oligodendrocytes in mice and in the human brain, while PTPRZ1 is expressed among 

oligodendrocyte progenitor cells (Gargareta et al., 2022). Therefore, it can be concluded that 

cluster 3 may be a mixture of cells that include OPC and oligodendrocytes (OL), as well as 

immature GABAergic neurons.  
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Figure 3.5. Gene expression in cluster 3. No genes were found to be expressed exclusively in cluster 

3, however OLIG1, OLIG2, and PMP2 are all expressed highly in this cluster, as well as in other clusters 

containing dividing and quiescent progenitor cells.  
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Table 3.3. Genes expressed highly in cluster3 (GABAergic neuron precursors and 

oligodendrocyte precursor cells). The 30 genes expressed most highly in cluster 3 include 

genes associated with progenitor cells, as observed in clusters 0, 5, and 7 (green, e.g. PTPRZ1); 

markers of GABAergic neurons (orange, e.g. GAD1, GAD2, OTX2); genes associated with 

both GABAergic neuron precursors and oligodendrocyte precursors (blue, e.g. OLIG1, 

OLIG2); and markers associated exclusively with the oligodendrocyte lineage (pink, e.g. 

PDGFRA, PMP2). The other highly expressed genes in Cluster 3 are depicted in black. 
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3.4.5 Cluster 4: Actively Dividing Progenitors 

 

Table 3.4 and Figure 3.6 list genes such as MKI67, CENPA, KIF11, TPX2, CD20, and KIF2C, 

whose expression is a recognized indicator for actively dividing cells (Figure 3.6).  

The marker of proliferation  (MKi67), is recognized to be essential for cell proliferation in the 

CNS (Schonk et al., 1989, Burger et al., 1986). Previous studies found that KI67 is expressed 

in dividing thalamic cells  (Kim et al., 2023). In our study in the embryonic human thalamus, 

KI67 was expressed in the ventricular zone of the thalamus at 14 PCW (Figure 3.7). 

Centromere protein A (CENPA) is a protein that is also involved in the formation of 

centromeres, which are vital for the segregation of chromosomes during the processes that 

comprise cell division (Smoak et al., 2016, Cao et al., 2018, Wang et al., 2022). However, the 

literature review conducted for this project did not provide specific data concerning the 

expression of CENPA in any specific class of thalamic cells. Meanwhile, KIF11 plays an 

essential role in cell proliferation and renewal (Jiang et al., 2017). In vitro studies also 

demonstrated that TPX2 promotes cell proliferation and cell cycle progression (Koike et al., 

2022). The cell division cycle 20 (CDC20) is a protein responsible for regulating the cell cycle 

(Marucci et al., 2008, Malureanu et al., 2010, Bruno et al., 2022). 

KIF2C, a member of the Kinesin family, is known to be crucial for cell cycle regulation. In the 

case of dividing cells, it is localised to the spindle poles, spindle mid zone, and kinetochores, 

and is also implicated in synaptic plasticity (Zhang et al., 2022, Zheng et al., 2022). In their 

research, McAlear and Bechstedt (2022) determined that cytoskeleton-associated protein 2 

(CKAP2) is a significant proliferation marker (McAlear and Bechstedt, 2022). CKAP2 is a 

crucial component of cell division (Jin et al., 2004). Moreover, RAD 21 plays an important role 

in the cell division cycle in the CNS (Cheng et al., 2020). TUBB4B is a member of the tubulin 

family that forms microtubule networks, which are a component of the cell cytoskeleton. 

Microtubules maintain a cell’s morphology, and regulate mitotic cells, cell division, and 

intracellular transport (Dharmapal et al., 2021).  
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Figure 3.6. Expression maps for six genes. MKI67, CENPA, KIF11, TPX, CD20, and KIF2C highly 

implicated in the process of cell division, suggesting this process is highly localised to the cells in cluster 

4. 
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Table 3.4. The 26 genes expressed most highly in cluster 4 (dividing cells). This cluster is 

characterized by the expression of genes implicated in the process of cell division. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               4  

NUSAP1 CCNB2 

HMGB2 NUCKS1 

CENPF KPNA2 

MKI67 TUBB4B 

TPX2 SPC25 

CKS2 CCNA2 

CKAP2 SGOL1 

PRC1 CCNB1 

CDK1 CDC20 

H2AFV MIS18BP1 

ASPM CENPA 

H2AFX KIF11 

RAD21 KIF2C 
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Figure 3.7. ki67 in the thalamic VZ at 14 PCW.  There is expression in the VZ of the thalamus. 

Abbreviation: ventricular zone (VZ); Thalamus (TH); Scale bar 200 μm. 

 

3.4.6 Cluster 9: Immature Neurons and Progenitor Cells  

 

Table 3.5 and Figure 3.8 list the genes most highly expressed in cluster 9 and include such 

genes as SLA, NPY, DOK5, FABP7, GAP43, and DCX, which are known to be dependable 

indicators for immature neurons and progenitor cells. The genes were researched thoroughly 

and confirmed to be linked to the initial phases of neuronal growth.  

The SLA gene is predicted to be involved in cell differentiation (Alliance of Genome 

Resources. https://www.alliancegenome.org/gene/MGI:104295). NPY, a peptide consisting of 

36 amino acids, functions as both a neurotransmitter and neuromodulator in numerous neurones 

within the CNS of the mammalian brain (Tatemoto et al., 1982, Gray and Morley, 1986, Domin 

et al., 2006). NPY is expressed in the GABAergic neuron in the cerebral cortex (Colmers, 1990, 

Greber et al., 1994, Silva et al., 2005, Domin, 2021). The DOK5 gene, which is implicated in 

neuronal development, is transcribed actively in neurons throughout the human brain (Grimm 

et al., 2001). GAP43 is expressed in excitatory neurons in the mouse brain (Nemes et al., 2017). 

In the developing human thalamus, excitatory neurons appear more mature with enrichment 

for GAP43 (Kim et al., 2023). FABP7 is expressed during the establishment of the RG fibre 

https://www.alliancegenome.org/gene/MGI:104295
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system which is necessary for the migration of immature neurons, in order to develop cortical 

layer (De Rosa et al., 2012). Doublecortin (DCX) is expressed in immature and migratory 

neurons, as well as in GABAergic neurons in the human brain (Fung et al., 2011). FOXG1 is 

present specifically in the GABAergic neurons located in the thalamus, which have their origin 

in the ganglionic eminence (Kim et al., 2023). Furthermore, in the developing human thalamus, 

the LHX2 gene is active specifically in excitatory neurons and intermediate progenitor cells 

(Kim et al. (2023). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Gene expression detection in cluster 9 (immature neuron and neuronal progenitors). 

SLA, NPY, and DOK5 expression is restricted largely to cluster 9. GAP43 and DCX expression markers 

for immature neurons are expressed in cluster 9, but also in other clusters containing neurons. FABP7 

is a marker for cluster 9 but also for clusters containing progenitor cells, showing the dual nature of the 

cells in cluster 9. 
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Table 3.5. The 29 genes expressed most highly in cluster 9 (immature neurons and 

progenitor cells). This includes multiple ribosomal protein genes (e.g. RPL and RPS genes) 

(black). This seems to be characteristic of progenitor cells, as some were also observed to be 

expressed in clusters 0 and 3, but not in clusters containing post-mitotic cells. Some of the 

highly expressed genes are characteristic of immature neurons (DCX, GAP43, NEUROD6, 
NEUROD2, DOK5, SLA) (red) and neuronal progenitors (LHX2, FOXG1, ASCL1, FABP7) 
(orange).  
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RPL37A RPL19 

RPL10 RPL13 

RPS8 RPS15 

RPS18 DOK5 

NEUROD6 RPS13 

NEUROD2 RPL24 

Lhx2 RPS29 

RPL32 RPS15A 

RPSO3 RPL39 

RPS19 SLA 

FABP7 ASCL1 

DCX GAP43 

FOXG1 NPY 
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3.4.7  Clusters 1, 6, 10, 11, and 12: Glutamatergic Neurons  

 

Table 3.6 and Figure 3.9 list the genes expressed most highly in clusters 1, 6, 10, 11, and 12 

and are characterized by the expression of genes characteristic of the excitatory glutamatergic 

neurons, such as SLC17A6, LHX9, NRN1, GAP43, OLFM1, DCX, FOXP1, FOXP2, and 

TCF7L2. SLC17A6, which codes for the vesicular glutamate transporter 2 (vGLUT2), is the 

definitive marker for all sub-cortical glutamatergic neurons of the CNS. SLC17A6 codes for 

the transporter responsible for packaging glutamate into synaptic vesicles (SLC17A6 solute 

carrier family 17 member 6 - gene - NCBI National Center for Biotechnology Information. 

Available at: https://www.ncbi.nlm.nih.gov/gene/84487). The study performed in mice and rat 

brains by Zhang et al. (2020) also demonstrated that SLC17A6 is a glutamate transporter (Zhang 

et al., 2020). In the developing human thalamus, SLC17A6 expression is a suitable marker for 

the identification of glutamatergic neurons (Kim et al., 2023). SLC17A6 (vGlut2) mRNA is 

expressed highly in posterior regions of the thalamic nuclei, such as VP, the VL nucleus, and 

the posterior medial nucleus (PM) of the dorsal thalamus (Graziano et al., 2008). Recently, Kim 

et al. (2023) reported that SLC17A6 exhibits significant expression in the excitatory neurons of 

the human thalamus (Kim et al., 2023). SLC17A6 is expressed highly in the two major clusters 

of this group (1 and 6), as well as in 12, but showed moderate expression in groups 10 and 11 

(Table 3.6, Figure 3.9).  

As illustrated in Figure 3.9. TCF7L2, NRN1, and LHX9 also showed expression that was 

limited tightly to this group of clusters. In mice, Transcription Factor 7 Like 2 (TCF7L2) 

orchestrates the overall morphological differentiation process in the thalamus by regulating 

stage-specific gene expression directly, or via sub-regional transcription factors, and functions 

as a terminal selector of postnatally induced thalamic electrophysiological characteristics 

(Lipiec et al., 2020). Additionally, TCF7L2 is expressed highly in intermediate progenitor cells 

and excitatory neurons of the human thalamus during the development stages (Kim et al., 

2023).  

Additionally, the LIM Homeobox 9 (Lhx9) gene is known to bestow distinctive characteristics 

on neurons that have completed cell division in the thalamic mantle zone in zebrafish (Peukert 

et al., 2011). Notably, LHX9 is also expressed in intermediate progenitor cells, as well as in the 

new born and maturing excitatory neurons in the foetal human thalamus (Kim et al., 2023). 

Neuritin 1 (NRN1) is a gene linked to neurons that are expressed highly in postmitotic 

differentiation in the embryonic nervous system (Naeve et al., 1997a). This gene encodes a 

https://www.ncbi.nlm.nih.gov/gene/84487
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member of the neuritin family and is expressed in postmitotic-differentiating neurons of the 

developing nervous system, and in the neuronal structures associated with plasticity in the 

adult. According to Naeve et al. (1997b), NRN1expression can be induced by neural activity 

and neurotrophins. In the developing human thalamus, NRN1 appears to be a good marker for 

glutamatergic neurons. 

The genes that were expressed highly in this group of clusters also included general markers 

of neuronal identity, including GAP43, DCX, and OLFM1. Growth Associated Protein 43 

(GAP43) is found at the growth cone and in extending axons, and is an essential component of 

the axon growth inducing machinery (Meiri et al., 1986) expressed by all developing neurons. 

DCX is a cytoskeletal protein that is expressed in the immature and migratory neurons in the 

brain of both mice and humans (Gleeson et al., 1999, Fung et al., 2011). OLFM1 is expressed 

in all brain regions in adult humans (Kulkarni et al., 2000) and is implicated in various 

processes in neuronal development, including axon growth and guidance and synapse 

formation in animal models (Anholt, 2014).  

Taken together, this evidence confirmed that these five clusters of cells identified by the 

analysis represented the maturing glutamatergic neurons of the thalamus. The differences 

between the clusters can however be perceived, and may indicate whether different clusters 

represent different functional nuclei. Parvalbumin (PVALB) showed high expression only in 

cluster 10, and in adult primate thalamus is expressed highly by the projection neurons of the 

ventral and lateral nuclei (Jones and Hendry, 1989). In contrast, FOXP1 and FOXP2 were both 

more highly expressed in cluster 10 than in the other clusters in this group. I studied the 

expression of FOXP2 at 14 PCW in the human thalamus extensively (see Chapter 4) and found 

it to be expressed predominantly in medial nuclei. As with the clusters identified as 

astrocytes/quiescent progenitor cells, it may be impossible to identify the clusters revealed by 

the UMAPs as specific groups of thalamic neurons within specific functional nuclei. Instead, 

each cluster may represent a stage of neuronal maturation. 
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Figure 3.9. The expression of genes in clusters 1, 6, 10, 11, and 12 (glutamatergic neurons). The 

high expression of SLC17A6, LHX9, NRN1, and TCF7L2 is largely restricted to a group of clusters (1, 

6, 10, 11, and 12), identifying these clusters as containing the glutamatergic neurons of the thalamus. 

Other neuron specific genes, such as GAP43, OLFM1, and DCX are also expressed by this grouping, as 

well as in other clusters containing neurons. FOXP1 and FOXP2 show interesting patterns of 

expression, with both localised most strongly to cluster 10 for the glutamatergic neuron group, but also 

expressed in some GABAergic neurons. Conversely, SLC17A6 is only expressed moderately in cluster 

10, compared with the other clusters in the grouping. 
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Table 3.6. The transcription factors expressed in (glutamatergic neurons). Highly 

expressed genes in clusters (1, 6, 10, 11, and 12) that are characterized by the expression of 

genes implicated in the excitatory neurons. There are 28 highly expressed genes in cluster 1, 

26 highly expressed genes in cluster 6, 19 highly expressed genes in cluster 10, 25 highly 

expressed genes in cluster 11, and 21 highly expressed genes in cluster 12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 6 10 11 12 

GAP43 GAP43 GAP43 GAP43 GAP43 

MAP2 MAP2 MAP2 MAP2 MAP2 

DCX DCX DCX DCX DCX 

TCF7L2 TCF7L2 TCF7L2 TCF7L2 TCF7L2 

MAPT MAPT MAPT MAPT  

ZFHX3 ZFHX3 ZFHX3 ZFHX3  

MEG3 MEG3  MEG3 MEG3 

OLFM1 OLFM1  OLFM1  

NRN1 NRN1  NRN1  

NRXN1 NRXN1 NRXN1   

SLC17A6 SLC17A6   SLC17A6 

PGM2L1  PGM2L1 PGM2L1  

STMN1    STMN1 

STMN4    STMN4 

CALM2  CALM2  CALM2 

GNG3  GNG3  GNG3 

RAC3 RAC3 RAC3  RAC3 

HMP19  HMP19 HMP19 HMP19 

RTN1  RTN1 RTN1 RTN1 

PEG10 PEG10    

CDKN2D CDKN2D    

 SCN2A  SCN2A  

 NRXN2  NRXN2  

 FEZ1  FEZ1   

MIAT MIAT  MIAT  

MAP1B MAP1B  MAP1B  

KLC1 ARPP21 LMO1 PROX1 TUBB2A 

TMSB10 SHTN1 FOXP2 NTM ZIC4 

CNTNAP2 SPOCK1 FOXP1 FRRS1L TUBA1A 
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3.4.8  Cluster 8: Pericyte and Endothelial Cells  

 

Table 3.7 and Figure 3.10 display genes known to be expressed in pericytes, a specialized cell 

type located in the microvasculature. We identified pericytes in our dataset by analysing feature 

plots and correlating the gene expression to the cells in our database. Cluster 8 was identified 

as the primary cluster representing pericyte cells in our investigation. As shown in Figure 3.10, 

BGN, CLDN5, CYBA, FN1, HIGDIB, and VAMP5 also showed expression that was limited 

tightly to this cluster. 

BGN is a protein responsible for maintaining the endothelial structure in the cerebral cortex 

(Choe et al., 2022). In the study conducted by Aslam et al. (2012), expression of CLDN5 was 

observed in endothelial cells in the mouse brain when examining specific genes. Moreover, 

Stafford et al. (2022) detected CLDN5 in both endothelial and pericyte cells in a neurovascular 

environment. Furthermore, the Single-cell Omics in Low-throughput (SOLO) database 

indicates that CLDN5 is expressed in endothelial and pericyte cells in the human cerebral cortex 

http://solo.bmap.ucla.edu/shiny/webapp/. 

HIGDIB is expressed in pericyte cells in both human and mouse vascular tissue (Baek et al., 

2022). Furthermore, according to the Human Protein Atlas (Brain tissue expression of 

HIGD1B; https://www.proteinatlas.org/ENSG00000131097-HIGD1B/brain.), HIGD1B is 

expressed in endothelial cells. Finally, Kim et al. (2023) an scRNAseq analysis and observed 

that CDL4A1 and DLC1 were expressed in the human thalamus in endothelial and pericyte 

cells, respectively. IGFBP7 and CLDN5 were also expressed specifically in endothelial cells 

in the human thalamus. Additionally, FN1 is also expressed in pericytes in the brain (Li et al., 

2023). SLC2A1, SLC3A2, and SLC2A3 are expressed in brain endothelial cells, and are 

facilitative glucose transporters expressed highly at the blood brain barrier (Lee et al., 2017). 

The genes SHE, KCNN3, VAMP5, SEMA3F, HDAC9, GIMAP1, NOS3, and DOCK6 show an 

endothelial-enriched expression pattern (Becker et al., 2023). 

 

 

 

 

http://solo.bmap.ucla.edu/shiny/webapp/
https://www.proteinatlas.org/ENSG00000131097-HIGD1B/brain
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Figure 3.10. Expression of genes in cluster 8 (pericyte and endothelial cells). All six genes illustrated 

here (BGN, CLDN5, CYBA, FN1, HIGDIB, and VAMP5) have expression patterns that are highly 

restricted to cluster 8. 
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Table 3.7. The 30 genes expressed most highly in cluster 8 (pericytes and endothelial cells). 

High gene expression in this group shares no co-expression with other clusters, demonstrating 

that it stands apart from neuroectoderm derived cells. Many genes expressed by pericytes, and 

endothelial cells are present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

IGFBP7 DLC1 

FN1 ITIH5 

VAMP5 C1orf54 

PRKCDBP CALD1 

CYBA MYL12A 

BGN LINC00152 

CLDN5 RAMP2 

A2M SLC2A3 

COL4A2 SLC2A1 

COL4A1 EVA1B 

NDUFA4L2 ICAM2 

IFITM3 SERPINH1 

SLC38A5 PFN1 

SLC7A5 RHOB 

HIGD1B SLC3A2 
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3.4.9 Cluster 13: Red Blood Cells 

 

Table 3.8 and Figure 3.11 show the genes that are confirmed to be expressed in red blood cells. 

The genes HBA1, HBG1, HBM, HBG2, HBB, and HBQ1 (Figure 3.11) are responsible for the 

synthesis of haemoglobin, a crucial molecule that facilitates the transportation of oxygen 

throughout the body, which is found exclusively in red blood cells (Mussolino and Strouboulis, 

2021). The alpha and beta globin chain-encoding genes HBA1 and HBB strengthen the binding 

of oxygen to haemoglobin (Höflich et al., Filser et al., 2022). HBQ1, an alpha-globin gene, is 

known to be expressed predominantly in human foetal erythroid tissues, and recent studies 

identified HBQ1 expression in alveolar epithelial cells, which are non-erythroid (Kim et al., 

2023). HBG1 and HBG2, which are gamma globin genes, are, under normal conditions, 

expressed in the foetal liver, spleen, and bone marrow, and two gamma chains, along with two 

alpha chains, form the foetal haemoglobin (HbF) that are replaced at birth by adult 

haemoglobin (Wulandari et al., 2020, Vathipadiekal et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Specific gene expression in cluster 13.  HBA1, HBG1, HBM, HBG2, HBB, and HBQ1 

are all genes coding for haemoglobin subunits, and are all expressed highly in cluster 13. 
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Table 3.8. The 28 genes expressed most highly in cluster 13 (red blood cell). The genes 

expressed mostly highly include many components of the haemoglobin complex (yellow), 

identifying this cluster as containing red blood cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

HBG1 HEMGN 

HBB STRADB 

HBA1 MPP1 

HBA2 UBB 

HBG2 FECH 

HBM KRT1 

AHSP FAM210B 

ALAS2 SLC40A1 

SLC25A37 PIM1 

HBQ1 MKRN1 

SNCA BCL2L1 

GYPC CR1L 

BLVRB IFIT1B 

GYPA MAP2K3 
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3.4.10 Cluster 14: Microglia 

 
Finally, Table 3.9 and Figure 3.12 show a compilation of genes that are known to be expressed 

in microglia, namely the immune cells found in the CNS. Cluster 14 shows a notable 

concentration of microglia-specific genes, indicating that it represented a unique group of 

microglial cells in our sample. 

According to Chui and Dorovini-Zis (2010), astrocytes, macrophages, and microglia present 

in the centre of lesions and surrounding white matter express CCL3. A recent study conducted 

by Kim et al. (2023) supported this finding, illustrating that CCL3 and CCL4L2 are present in 

microglia located in the human thalamus. Additionally, chemokines CCL4L2 and CCL3L3 are 

involved in inflammatory and immune-regulatory processes (Xu et al., 2023, Bergamo et al., 

2019). Based on these findings, the SOLO map database (SOLO, 2024) employed by the 

present study confirmed that CCL3, CCL4L2, and CCL3L3 are expressed in the microglia of 

the human cerebral cortex (Figure 3.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.12. Specific gene expression in cluster 14. CCL3, CCL3L3, CCL4, CCL4L2, CD83, CSF1, 

and RGS10 are all genes active in microglia and are all expressed highly in cluster 14. 
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Table 3.9. The 26 genes expressed most highly in cluster 14 (microglial cells).  Showing a 

compilation of genes that are known to be active in microglia, which are the immune cells 

found in the CNS. We identified microglia in our dataset by correlating the gene expression 

with the cells and analysing their distribution within the clusters. Cluster 14 shows a notable 

increase in microglia-specific genes, indicating that it represents a unique group of microglial 

cells in the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 14 

CCL3 NR4A2 

CCL3L3 RPL21 

CCL4 NEAT1 

TYROBP RPLP1 

CCL4L2 ZFP36L1 

AIF1 LAPTM5 

FTL RPS29 

CTSB ARPC1B 

CD83 RPS27 

FTH1 RPS12 

CX3CR1 ITM2B 

IER3 RPL23 

RGS10 FCGRT 
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3.5 Discussion 

 

This study demonstrated that it is possible to cluster different classes of cells in the thalamus 

at 16 PCW using scRNAseq data. This analysis is referred to in the rest of the study, in order 

to predict which type of cells express certain genes and proteins, by comparing their individual 

UMAPS with the schematic diagram presented in Figure 3.1 A. This can then be confirmed by 

IHC or in situ hybridization. This approach was adopted to explore the expression of the 

neurosusceptibility genes FEZ1 and NRXN1 (see Chapters 5 and 6). 

Other insights were also provided by this study. For instance, a high proportion of dividing 

cells was observed, which was perhaps unexpected as cell proliferation is believed to be 

complete in the thalamus before 16 PCW (Kim et al., 2023). This suggested that neurogenesis, 

or at least gliogenesis, is still occurring at this developmental time point. A relatively high 

proportion of GABAergic neurons and their precursors were also present. This may reflect 

inclusion of the prethalamic structures in the sample, but may also reflect extensive invasion 

of the thalamus by GABAergic neurons of mid-brain origin (Kim et al., 2023), and possibly 

forebrain origin (Quinlan et al., 2009, Letinic and Rakic, 2001). This observation raised 

important questions regarding the developmental origins of these neurons. One possible 

explanation was that our samples may have included cells from the prethalamic structures, 

which are known to contribute GABAergic neurons to the thalamus. However, another 

intriguing possibility was the extensive invasion of the thalamus by GABAergic neurons 

originating from midbrain structures, and potentially even forebrain regions, by 16 PCW. This 

phenomenon may reflect a broader developmental interplay between various brain regions, 

whereby GABAergic neurons migrate into the thalamus to establish functional networks that 

are critical for sensory processing and integration. 

This study not only enhanced understanding of thalamic development, but also set the stage for 

further investigation of the functional implications of these cellular dynamics. Future research 

might explore how the ongoing proliferation of specific cell types influences thalamic 

connectivity and the establishment of sensory pathways. Additionally, the role of 

neurosusceptibility genes, such as FEZ1 and NRXN1, in this context may provide valuable 

insights into the molecular mechanisms that underlie neurodevelopmental disorders. 

The clustering of cell types was analysed by their mRNA expression profiles for a scRNAseq 

dataset from the cells isolated from the developing human thalamus. These findings enhanced 
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the understanding of the cellular makeup of the human thalamus at 16 PCW, establishing a 

basis for future investigation of the functions and interplay of these genes in the context of 

neurological disease. Chapters 5 and 6 employ the knowledge gained to hypothesize which cell 

groups express certain neurodevelopmental disorder susceptibility genes, which were then 

confirmed using histological methods.  

 

3.6 Concluding remarks 

In summary, this study’s findings underscored the dynamic nature of thalamic development at 

16 PCW, suggesting that both neurogenesis and extensive cellular migration are pivotal 

processes during this crucial period. Further exploration of these phenomena is essential to 

determine the complexities of thalamic function, and its contribution to overall brain 

development. 
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4 Chapter 4. Mapping of the thalamus at 8- 14PCW  

 

4.1 Introduction 

 
Most of what is known about thalamic development comes from rodent studies, however, the 

increased proportion of human association cortex has co-evolved with increased 

thalamocortical connectivity. (Sherman, 2016). Higher order thalamic nuclei, such as the 

mediodorsal nucleus (MD) and the pulvinar, which relay information from one cortical region 

to another, are greatly expanded in primates, especially humans, relative to rodents (Baldwin 

et al., 2017, Pergola et al., 2018, Homman‐Ludiye and Bourne, 2019). These thalamic nuclei 

are involved in what we understand to be uniquely human cognitive functions, such as the 

lexico-semantic processing of language (Assaf et al., 2006, Van Der Werf et al., 2003, Kraut et 

al., 2003).  

 

According to the prosomere model of diencephalic development, caudally the first prosomeric 

domain (p1) gives rise to the pretectum, p2 the thalamus (or dorsal thalamus) and epithalamus 

and p3 the prethalamus (or ventral thalamus) anteriorly, separated from p2 by the zona limitans 

intrathalamica (ZLI) an organiser region secreting morphogens including sonic hedgehog 

(SHH) that facilitate establishment of positional identity (Kiecker and Lumsden, 2004, 

Nakagawa, 2019). In this study, we generally refer to the caudal part as the thalamus, whilst 

recognising the epithalamus as a separate, posterior and dorsal domain. Other factors such as 

fibroblast growth factors and SHH from basal regions are required for maintaining ZLI and for 

thalamic patterning (Nakagawa, 2019). The initial aim of the research undertaken for this 

chapter, therefore, was to examine the expression of key molecules that have been shown to 

guide the development of the thalamus in animal models. To this end, we studied the expression 

of several of the transcription factors involved in patterning, including ZIC4, GBX2, FOXP2, 

PAX6, NR2F1 and NR2F2. While these factors have been well-characterized in animal models, 

their expression patterns and roles in human thalamic development remain relatively poorly 

understood.  

 

ZIC4 is expressed in p2 (and other dorsal and medial structures) in the early developing mouse 

brain (Gaston‐Massuet et al., 2005), subsequently becoming more restricted to specific 

thalamic nuclei later in the development of the mouse and marmoset (Horng et al., 2009, 

Homman‐Ludiye and Bourne, 2019). NR2F1 (also known as COUP-TFI) is similarly 
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expressed throughout p2 during mouse development (Qiu et al., 1994, Liu et al., 2000), and 

this is required for guidance of thalamocortical axon growth (Zhou et al., 1999). 

 

In contrast, GBX2 in rodents is restricted to thalamic neurons from within p2, along the 

anterior-posterior axis projecting to the cortex, as opposed to Habenula and prethalamic regions 

(Chen et al., 2009). All thalamic neurons express Gbx2 during their development and are 

essential for axon outgrowth and pathfinding (Chatterjee et al., 2012) as well as the suppression 

of Habenula identity markers (Chen et al., 2009). FOXP2 is expressed in the thalamus in the 

developing mouse and human (Ferland et al., 2003, Vargha-Khadem et al., 2005). A gradient 

of expression, higher in the posterior ventral region, was also found in the embryonic mouse 

thalamus, indicating that FOXP2 is essential for thalamus patterning (Ebisu et al., 2017). 

 

NR2F2 (COUP-TFII) displays relatively reduced expression in the developing thalamus, when 

compared to NR2F1 in mice, but is strongly expressed in the adjacent pretectum and 

prethalamus (Qiu et al 1994), and its expression is also studied here. PAX6 expression is 

necessary for the proper development of the thalamus (Schmahl et al., 1993, Caballero et al., 

2014), and thalamic progenitor cells express it throughout the initial phases of diencephalic 

development. It is also expressed by prethalamic progenitor cells, some of the progeny of which 

retain their expression as postmitotic neurons (Duan et al., 2013, Caballero et al., 2014).  

 

The diencephalic ventricular zone (VZ) lining of the third ventricle contains apical radial glia, 

which divide asymmetrically generating postmitotic neurons (Nakagawa and Shimogori, 

2012). These neurons then migrate to the mantle zone, where they aggregate, ultimately 

forming individual nuclei (Jones and Rubenstein, 2004, Nakagawa and Shimogori, 2012). 

Similar to the neocortex, there is a thalamic subventricular zone containing basal progenitors 

in both the mouse and human thalamus (Wang et al., 2011, Kim et al., 2023). The excitatory 

glutamatergic neurons in the thalamus all derive from the ventricular and subventricular zone 

of p2 (Vue et al., 2007).  

 

GABAergic neurons within the thalamic reticular nucleus are derived from the progenitor 

zones of the p3 prethalamus (Puelles and Rubenstein, 2003). It is proposed that they provide 

the majority of the inhibitory drive to the thalamic nuclei in rodents, as very few inhibitory 

interneurons found within the dorsal thalamic nuclei, with the exception of some visual 

thalamic nuclei (Ohara et al., 1983, Warren et al., 1994, Arcelli et al., 1997). Notably, in 

primates, up to 30% of the neurons in all nuclei are reported to be GABAergic interneurons 
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(Hunt et al., 1991, Montero and Zempel, 1986), which makes this a major aspect in the 

evolution of the thalamus. Interneurons migrate into the thalamus during the latter stages of 

development (Jones, 2002). These thalamic interneurons have previously been shown to be of 

predominantly pretectal (p1) and midbrain origin, expressing the transcription factor SOX14 

(Jager et al., 2016). More recently, studies have shown that GABAergic neurons arising from 

SOX14+ precursors in mouse are present in all caudal sensory relay nuclei and associated 

higher order nuclei. However, in the marmoset, such cells are more abundant, and also found 

in anterior, higher order thalamic nuclei (Jager et al., 2021). Other potential sources of thalamic 

interneurons include the prethalamus (as demonstrated in the mouse) (Jager et al., 2021) and 

ganglionic eminences, which are posited as a unique source of interneurons for human higher 

order thalamic nuclei (Letinic and Rakic, 2001, Bakken et al., 2021, Kim et al., 2023). The 

second objective of this chapter is to further illuminate the origins of GABAergic neurons in 

the human thalamus. 

 

Please note that some of the data presented in this chapter has been published (Alhesain et al., 

2025).  

 

4.2 Aim of the study 

To investigate, map and analyse gene expression patterns across the developing human 

thalamus from 8 to 14 PCW. By examining human thalamic tissues at 14 PCW, it is possible to 

identify the genes involved in establishing thalamic nuclei. In addition, we seek to discover 

which genes define and restrict specific thalamic nuclei in the late stages of foetal human 

development. This will elucidate how gene expression informs differentiation and organization 

within the thalamus. We also determine where these GABAergic neurons originate before they 

migrate to the thalamus. Ultimately, this information offers a basis for studying the early 

expression of neurodevelopmental disease susceptibility in genes (see Chapters 5 and 6). 

 

4.3 Method:  

We employed immunostaining and RNAscope in situ hybridization in 8-14 PCW tissue. 

Methods described in detail in Chapter 2. 
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4.4 Results 

4.4.1  Transcriptomic cells in developing human thalamus at 16 PCW 

 

In Figure 4.1, single cell RNAseq data for the thalamus at 16 PCW taken from the NEMO 

Analytics database is presented. UMAP plots were generated for genes such as (MKI67, 

OLIG2, ASCL1, NR2F2, NR2F1, GAD1, SP8, OTX2, SOX14 GBX2, FOXP2, ZIC4, PAX6) and 

classified different neuronal clusters (see Chapter 3). This chapter details the findings when 

thalamus sections were stained for these transcription factors to identify and distinguish 

thalamic nuclei and determine which type(s) of cells can be expressed in thalamic nuclei. The 

UMAP plots show different types of cells in the thalamus at 16 PCW and we have tried to 

identify the essential marker gene for each type of cell to classify the clusters. For instance, 

MKI67, the essential marker for dividing cells is highly expressed in cluster 4, and GADD45B 

is highly expressed in cluster (0, 5, 7) which is classified to be progenitor cells. OLIG2 is highly 

expressed in cluster 3 which is GABAergic and oligoprogenitor cells. FOXP2 is highly 

expressed in glutamatergic neurons and belong to cluster (6,10,1,11,12). SOX14, OTX2 and 

GAD1 are marker genes for GABAergic neurons which is in cluster (2). In summary, we have 

identified the respective cell type in the thalamus by essential marker genes for each type of 

cells. We have chosen 16 PCW for the scRNAseq data as it is the closest age group found to 

14 PCW that we have used for the histological experiments.  
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Figure 4.1. Identification of cell types found in each cluster generated from NEMO, for time point 

and brain region 16 PCW -thalamus.  UMAPs represent the key marker genes used to define each 

cluster: FOXP2 is expressed in the GABAergic and glutamatergic neurons. MKI67 is expressed in 

dividing cells. ZIC4 is expressed in GABAergic, progenitor cells and glutamatergic neurons. PAX6, 

showed expression in the GABAergic neuron, progenitor cell and dividing cells. NR2F1 is expressed 

in GABAergic neuron, the dividing cells and the immature neurons and excitatory neurons. NR2F2 is 

expressed in GABAergic, progenitor cells, and immature neurons. GBX2 expressed in the excitatory 

neurons. ASCL1 is expressed in dividing cells, progenitor cells and immature GABAergic and immature 

neurons. SOX14, SP8 and GAD1 is expressed in the GABAergic neurons. OTX2 is expressed in the 

immature and mature GABAergic neurons and in progenitor cells. OLIG2 is expressed in the immature 

neurons and oligo progenitor cells, dividing and progenitor cells. 
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4.4.2 Histological studies of transcription factor expression at 8 PCW in human 

thalamus 

8 weeks post- conception, the thalamus was clearly recognizable in haematoxylin and eosin 

(H&E) stained sagittal sections as an ovoid structure, dorso-anterior to the mesencephalic 

flexure (Figure 4.2 A). The precise delineation of the thalamus could be ascertained by 

examining the expression of SHH, alongside that of three transcription factors, ZIC4, GBX2 

and FOXP2. SHH expression marks the zona limitans (the embryonic boundary between p2 

(containing the thalamus) and p3 (containing the prethalamus) (Kiecker and Lumsden, 2004). 

It was strongly expressed in cells located within the ventricular zone (VZ) at the boundary, and 

in a smaller number of cells along the ZLI (Figure 4.2 B). The alar portion of p2 was 

characterised by strong expression of ZIC4 throughout, including the dorsal most prethalamus 

and up to and including the ZLI (Figure 4.2 C). GBX2 and FOXP2 were confined to the 

thalamus and excluded from the prethalamus showing largely uniform expression throughout 

(Figure 4.2 D, E). FOXP2+ cells were more prevalent in the VZ of the thalamus than GBX2+ 

cells, confirming prior evidence (Alzu’bi et al., 2019). OTX2 was also expressed in the 

thalamus, but showed a different pattern of expression, being strongly expressed in both the 

VZ and post-mitotic zones. It was expressed uniformly throughout the thalamus in the medial 

sections, but in the lateral sections it was confined to regions close to the ventricles (Figure 4.2 

F, G). This suggests OTX2 is expressed by thalamic progenitor cells and more immature, 

possibly migratory thalamic neurons, with expression becoming downregulated as the neurons 

mature. SP8, a transcription factor associated with GABAergic neurons derived from the 

ventral telencephalon (Waclaw et al., 2006, Ma et al., 2013, Alzu'bi et al., 2017) was confined 

in its expression to the GABAergic prethalamus rather than being observed in the thalamus 

(Figure 4.2 H). NR2F1 was expressed by thalamic progenitors in the ventricular zone (Figure, 

4.2 I), while NR2F2 was expressed both in the VZ and postmitotic zones in the thalamus and 

the prethalamus (Figure 4.2 J). OLIG2 is expressed in the progenitor cells of the ventricular 

zone of the prethalamus but not in the thalamus (Figure 4.2 K).  
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Figure 4.2. Immunoperoxidase histochemistry of SHH, ZIC4, GBX2, FOXP2, OTX2, SP8, 

NR2F1, NR2F2, OLIG2 at the 8 PCW sagittal section.  H&E staining in the sagittal section at 8 

PCW (A). SHH is expressed in zona limitans (ZLI) (B). ZIC4 is expressed in the thalamic neurons and 

the progenitor cells (C). GBX2 exhibited strong expression in the postmitotic neurons (D), and FOXP2 

is expressed in the postmitotic thalamus as well (E). OTX2 is expressed in the entire thalamus at the 

medial side (F), whereas on the lateral side it is more restricted to ventricle (G). SP8 is expressed in the 

prethalamus but not in the thalamus (H). NR2F1 is expressed in the thalamus in the ventricular zone, 

and in the postmitotic neurons (I). NR2F2 was strongly expressed in the ventricular zone and restricted 

more to ventricle, as well as in the prethalamus (star) (J). OLIG2 is only expressed in the progenitor 

cells in the prethalamus (K). Abbreviations: Anterior (Ant); Aqueduct (Aq); posterior (Pos); cortex 

(Crx); Thalamus (Th); prethalamus (pTh); pretectum (pTc); Zona limitans intrathalamic (ZLI); Lateral 

ventricle (LV); Third ventricle (V3); Midbrain (MB). Scale bar 1mm. (Images A, B prepared by Dr 

Alzu’bi; F, G, H by Ms Sankar; D, E. I, J, K, L by myself; and C by Ms Sankar and myself. Interpretation 

of the staining patterns is my own work).   
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In the coronal sections of the thalamus at 8 PCW, SHH expression was clearly apparent in a 

small group of cells in the thalamic ventricular zone (VZ) immediately dorsal to the 

hypothalamic sulcus (Figure 4.3 B, Figure 4.4 B). In the posterior region, SHH was expressed 

in the ventricular zone (VZ) of the pretectum (Figure 4.5 B). OTX2 immunoreactivity extended 

throughout the VZ of thalamus, the epithalamus, thalamic eminence, and the choroid plexus 

(Figure 4.3 C, Figure 4.4 G). OTX2 immunoreactivity also marked the postmitotic cells within 

the medial thalamus (Figure 4.4 G). ZIC4 was expressed throughout prosomere 2, including 

the VZ and the epithalamus (Figure 4.4 C). FOXP2 and GBX2 were both expressed medially 

in the anterior thalamus, while FOXP2 was also expressed in the lateral ganglionic eminence 

(LGE) (Figure 4.3 D, E). Expression of FOXP2 and GBX2 in the middle thalamus was also 

relatively weak in the more lateral regions of the thalamus, compared to ZIC4 (Figure 4.4 C, 

D, E). In the posterior thalamus, ZIC4 was found to be weakly expressed, compared to the 

anterior region, but strongly expressed in the epithalamus (Figure 4.5 C). FOXP2 and GBX2 

immunoreactivity was highly expressed in the thalamus compared to ZIC4 but was not present 

in the epithalamus (Figure 4.5 D, E). NR2F2 in the middle section was expressed in the 

prethalamus and the ventricular zone of the thalamus, which contains progenitor cells, as well 

as in the ganglionic eminence, which produces GABAergic neurons (Figure 4.4 H). PAX6 was 

expressed in the ventricular zone of the thalamus and the cortex and the prethalamus (Figure 

4.4 I). As predicted from the animal experiments (Puelles et al., 2013), the expression patterns 

of the transcription factors and other molecules clearly delineate p2 from p1 and p3, with p2 

and p3 being separated by SHH positive ZLI. At this stage, the thalamus can also be 

distinguished from the epithalamus. ZIC4, GBX2, FOXP2 were expressed throughout the 

entirety of the thalamus, while OTX2 expression was confined to more medial locations only.  
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Figure 4.3. Immunostaining GBX2, FOXP2, OTX2 and in situ hybridization of SHH in the 

coronal sections of the anterior thalamus at 8 PCW.  H&E staining in the sagittal section at 8 PCW 

anterior (A). SHH was expressed in the zona limitans intrathalamic (ZLI) (B). OTX2 was expressed in 

the thalamus near to the ventricular zone and the epithalamus (C). FOXP2 was expressed in the thalamus 

medially in the anterior (D). GBX2 was expressed in the postmitotic cells in the medial thalamus (E). 

Abbreviations: Ganglionic eminence (GE); Globus pallidum (GP); epithalamus (Epith); Thalamus 

(TH); Zona limitans (ZLI); Ventricular zone (VZ); Choroid plexus (ch P); Thalamic eminence (Th Em). 

Scale bar 1mm. (Images prepared by Dr Alzu’bi. Interpretation of the staining patterns is my own work).   
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Figure 4.4. Immunostaining GBX2, FOXP2, OTX2, SP8, NR2F2, PAX6 and in situ-hybridization 

of SHH and ZIC4 in coronal sections of the mid-thalamus at 8 PCW.  H&E staining in the sagittal 

section at 8 PCW middle (A). SHH was expressed in the zona limitans intrathalamic (ZLI) (B). ZIC4 

was expressed in the progenitor and thalamic neurons and in the epithalamus (C). FOXP2 was expressed 

throughout the thalamus (D). GBX2 was expressed more in the dorsal region of the thalamus and 

excluded from the ventricular zone (E). SP8 was expressed in the prethalamus, ganglionic eminence 

and the ventricular zone of the cortex (F). OTX2 was expressed in the ventricular zone of the thalamus 

and the epithalamus (G). NR2F2 was expressed in the prethalamus, in the ventricular zone of the 

thalamus and in the ganglionic eminence (H). PAX6 was expressed in the ventricular zone of the 

thalamus, as well as in the ganglionic eminence and the ventricular zone of the cortex and excluded 

from zona limitans (black arrow) (I). Abbreviations: Ganglionic eminence (GE); Epithalamus (Epith); 

Thalamus (TH); Zona limitans intrathalamic (ZLI); Prethalamus (pTh); ventricular zone (vz). Scale bar 

1mm. (Images A-H prepared by Dr Alzu’bi. Interpretation of the staining patterns is my own work).   
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Figure 4.5. Immunostaining GBX2, FOXP2, SP8 and in situ-hybridization of SHH and ZIC4 

anterior coronal sections at 8 PCW.  H&E staining in the sagittal section at 8 PCW posterior (A). 

SHH was expressed in the ventricular zone of the pretectum (B). ZIC4 showed strong expression in the 

epithalamus and the ventricular zone of the thalamus (C). FOXP2 also was expressed in the thalamus 

(D). GBX2 was expressed in the thalamus, excluded from ventricular zone (E). SP8 was expressed in 

the most ventral and lateral part of the thalamus (blue arrow) (F). Abbreviations: epithalamus (Epith); 

thalamus (TH); pretectum (pTc); ventricular zone (vz). Scale bar 1mm. (Images (B,C) prepared by Dr 

Alzu’bi, (D, E, F) prepared by me. Interpretation of the staining patterns is my own work).   
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4.4.3 Immunostaining in the coronal section at 10 PCW  

 

At the 10 PCW coronal section, PAX6 was expressed in the progenitor cells in the ventricular 

zones of the thalamus, cortex and habenula, as well as in the boundary between the prethalamus 

and the thalamus and ganglionic eminence (Figure 4.6 A). GBX2 and FOXP2 show 

immunoreactivity throughout the extent of the thalamus, but are excluded from the ventricular 

zone, and FOXP2 is expressed in the ganglionic eminence (Figure 4.6 B, C). NR2F2 is strongly 

expressed in the prethalamus, but also in both the VZ of the thalamus and the ganglionic 

eminence, as well as in the hypothalamus; there is also no co-expression between FOXP2 and 

NR2F2 (Figure 4.6 D, E, F). ZIC4 was expressed in the whole thalamus, habenula and the 

ganglionic eminence (Figure 4.6 G). Co-staining with FOXP2 revealed ZIC4 shows relatively 

homogenous expression throughout p2, whereas FOXP2 showed relatively stronger expression 

in the mediodorsal regions (Figure 4.6 H). Staining for the presynaptic protein syntaxin binding 

protein 1 (STXBP1) revealed synapse formation in the thalamus is absent in these early stages, 

although immunoreactivity for STXBP1was observed in the prethalamus, hypothalamus and 

habenula, as well as in the intermediate zone and the presubplate of the cerebral cortex (Figure 

4.6 I). This agrees with observations made in other species, suggesting corticothalamic 

innervation is preceded by a waiting period during which cortical axons first synapse with cells 

in the prethalamus (the future reticular nucleus) (Grant et al., 2012). 
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Figure 4.6. Immunostaining of coronal section at 10 PCW.  Immunoperoxidase histochemistry - 

PAX6 was expressed in the ventricular zone of the thalamus and the cortex; it was also expressed in the 

prethalamus and in the ganglionic eminence (A). GBX2 and FOXP2 were expressed in the postmitotic 

zone in the thalamus (B, C). Immunofluorescence - NR2F2 showed strong expression in the 

prethalamus, ganglionic eminence and in the ventricular zone of the thalamus (D), while FOXP2 was 

expressed in the entire thalamic neuron and in the ganglionic eminence (E), and no co-expression was 

observed between FOXP2 and NR2F2 (F). RNAscope double immunofluorescence - ZIC4 was 

expressed in the entire thalamus and in the ventricular zone of the thalamus (G). There was also co-

expression of ZIC4 with FOXP2 in the thalamic neurons (H). Immunofluorescence - STXBP1 was 

observed in the prethalamus and habenula, and in the intermediate zone and presubplate of the cerebral 

cortex (I). Abbreviations: Habenula (Ha); cortex (Crx); ventricular zone (vz); Thalamus (TH); 

prethalamus (pTH); hypothalamus (hyTH); ganglionic eminence (GE). Scale bar 1 mm.  
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4.4.4 Emergence of thalamic nuclei at 14 PCW 

 
We considered several sections through the thalamus, an extensive set taken from a 14 PCW 

specimen stained for multiple mRNAs and proteins and cut along the coronal plane. The precise 

plane could be deduced by comparing the histological sections with virtual sections from a 3-

D MRI image of the foetal brain supplied by the Human Developmental Biology resource 

(https://hdbratlas.org/fetal-stages/13pcw.html). By 14 PCW, it was apparent that the thalamus 

was dividing into discrete regions, identifiable by patterns of gene expression and containing 

relatively cell dense and cell poor regions.  

In Figure 4.7 A-L, the most anterior and dorsal sections, the pulvinar is distinguished by the 

expression of various markers. CALB2 was restricted in the lateral pulvinar, habenula and the 

midbrain (Figure 4.7 D), whereas CALB1 was expressed in the medial pulvinar and in the 

midbrain (Figure 4.7 E). PAX6 was expressed in the midbrain’s ventricular zone (Figure 4.7 

F). NR2F1 is present throughout the pulvinar (Figure 4.7 G). GAD67, an essential marker for 

GABAergic neurones, exhibited robust expression in the midbrain and the inferior and medial 

regions of the pulvinar (Figure 4.7 H). OTX2 was expressed in the putative GABAergic 

neurons in the pulvinar inferior and in the midbrain regions (Figure 4.7 I). NR2F2 is expressed 

in the pulvinar inferior and in the midbrain, where it is linked to GABAergic neurons that have 

migrated from the telencephalon to the thalamus (Figure 4.7 J). FOXP2 and GBX2, which 

serve as critical indicators of thalamic identity, were expressed across the pulvinar, while 

FOXP2 was also expressed in the midbrain (Figure 4.7 K-L).  
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Figure 4.7. Immunostaining of CALB2, CALB1, PAX6, NR2F1, GAD67, OTX2, NR2F2, FOXP2 

and GBX2 in the human thalamus at 14 PCW.  (A, B) Plane section of 3D model in CT scan to show 

the place of sectioning in the thalamus. H&E staining shows the thalamus and midbrain (C). CALB2 

was present in the pulvinar lateral, Habenula and midbrain (D). CALB1 was found in the midbrain and 

the Pulvinar medial (E).  PAX6 exhibited low expression in the pulvinar but was expressed in the 

ventricular zone of the midbrain (F). NR2F1 demonstrated robust expression across the whole pulvinar 

(G), whereas NR2F2 was confined to the pulvinar inferior with midbrain (J). GAD67 showed strong 

expression in the midbrain and in the pulvinar medial and inferior (H). OTX2 was also expressed in 

pulvinar inferior and in the ventricular zone of the midbrain (black arrow) (I). FOXP2 and GBX2 were 

present in the whole pulvinar, but GBX2 was absent from the midbrain (K, L). Abbreviations: medial 

pulvinar (PM); lateral pulvinar (PL); inferior pulvinar (PI); habenula (Ha); anterodorsal (AD); 

posteroventral (PV), midbrain (MB). Scale bar 1mm. 
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Moving on, sections that were slightly anterior dorsal (Figure 4.8 A-O) in the H&E staining 

were examined, and it can be distinguished here as the lateral geniculate nucleus, medial 

geniculate nucleus, ventroposteriolateral, pulvinar lateral, pulvinar medial, pretectum and 

habenula (Figure 4.8 C). CALB2 was expressed everywhere in the thalamus (Figure 4.8 D). 

CALB1 exhibited strong expression in the medial geniculate nucleus, pretectum and Habenula 

(Figure 4.8 E). OTX2 was regionalized in the ventroposteriolateral and the medial geniculate 

nucleus and pretectum. Additionally, concentrated expression in the progenitor cell in the 

ventricular zone of the thalamus was observed (Figure 4.8 F). GAD67 showed the same pattern 

as OTX2; that is, strong expression in the ventroposteriolateral and strong expression in the 

medial geniculate nucleus, in the pretectum and habenula and the midbrain (Figure 4.8 G). 

ASCL1 and OLIG2 were both expressed in the proliferative zone of the thalamus (Figure 4.8 

H, I). NR2F1 also showed high expression, which was largely exclusive to the thalamus, but 

displayed relatively higher expression in the lateral geniculate nucleus (Figure 4.8 J). NR2F2, 

followed a partly complimentary pattern, with strong immunoreactivity in the pretectum, also 

being expressed in the ventroposteriolateral nucleus (Figure 4.8 K) that can be seen in the 8 

PCW (Figure 4.2 J). GBX2 showed strong expression in the posteromedial, compared to the 

posterolateral thalamic nuclei, as well as in the medial geniculate nucleus (MGN) (Figure 4.8 

L). FOXP2 localization provided the most striking visualization of putative thalamic nuclei. 

The extent of the pulvinar complex was further delineated by moderate to strong FOXP2 

expression, with expression being stronger in the lateral and inferior pulvinar regions than the 

medial pulvinar and the lateral geniculate nucleus, which we were able to observe as a discrete 

nucleus by the developmental stage. The lateral geniculate nucleus occupied a more dorsal 

location lateral to the main body of thalamus than where it was found in the adult thalamus. As 

has been previously described, the later developing pulvinar gradually displaces the lateral 

geniculate nucleus in a latero-ventral direction (Hitchcock and Hickey, 1980). The lateral 

geniculate nucleus had not adopted a laminar structure by 14 PCW, also confirming prior 

findings (Hitchcock and Hickey, 1980) (Figure 4.8 M). SP8 could be detected in the pretectum, 

habenula, lateral and medial geniculate nucleus in the section (Figure 4.8 N). PAX6 exhibited 

strong expression in the ventricular zone of the pretectum and thalamus, and also in the putative 

cell in medial and lateral geniculate nucleus (Figure 4.8 O).  
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Figure 4.8. Immunostaining of CALB2, CALB1, OTX2, GAD67, ASCL1, OLIG2, NR2F1, NR2F2, 

GBX2, FOXP2, SP8 and PAX6 in the human thalamus at 14 PCW anterior dorsal. (A, B) Plane 

section of 3D model in CT scan to show the place of sectioning in the thalamus.  H&E staining shows 

the thalamic nuclei and midbrain (C). CALB2 was present everywhere in the thalamus (D). CALB1 

was expressed in the medial geniculate nucleus, pretectum and habenula (E). OTX2 displayed strong 

expression in the ventricular zone of the thalamus, as well as expressed in the medial geniculate nucleus 

and posterioventrolateral (F). GAD67 was strongly expressed in medial geniculate nucleus and 

posterioventrolateral, and also in pretectum, habenula and the midbrain (G). OLIG2, PAX6, ASCL1 

were all strongly expressed in the progenitor cells of the thalamus (H, I, O). NR2F1 showed strong 

expression throughout the entire thalamus and in the lateral and medial geniculate nucleus (J). NR2F2 

exhibited strong expression in medial geniculate nucleus and in ventroposteriolateral (K). GBX2 

showed stronger expression in the medial portion of the thalamus compared to the lateral part (L). 

FOXP2 was strongly expressed in the whole thalamus (M). SP8 was expressed in the medial and lateral 

geniculate nucleus, as well as in pretectum and habenula (N). Abbreviations: later pulvinar (PL); medial 

pulvinar (PM); medial geniculate nucleus (MGN); lateral geniculate nucleus (LGN); pretectum (pTc); 

habenula (Ha); ventroposteriolateral (PVL). Scale bar 1mm. 
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In sections located through the middle region of the thalamus located posteriorly and ventrally 

(Figure 4.9 A- M), distinct boundaries were observed between the thalamic nuclei, and between 

the thalamus and pretectum. CALB2 expression was noted in the medial geniculate nucleus 

and the lateral geniculate nucleus (Figure 4.9 D). CALB1 was expressed in the lateral 

geniculate nucleus, the lateral dorsal area of the thalamus and pretectum (Figure 4.9 E). CALB1 

and CALB2 showed no expression in the centromedian nucleus, which has very strong 

expression for FOXP2, GAD67, NR2F1, NR2F2. OTX2 displayed weak expression in the 

ventroposteriomedial and the centromedian (Figure 4.9 F). In terms of NR2F1 expression, this 

was homogenous throughout the thalamus, strong in the thalamus and weak in the pretectum. 

Expression was especially marked in the LGN and an anterior region, as well as in the 

centromedian nucleus (Figure 4.9 G). NR2F2 expression was strong in the pretectum extending 

to the ventroposterior half of the thalamus, covering the centromedian nucleus/parafascicular 

complex and the areas lateral to it, and excluding LGN. NR2F2 expression was observed in the 

reticular formation (Figure 4.9 H). PAX6 expression was observed in the progenitor cells in the 

ventricular zone of the thalamus. In addition, PAX6 was noted to be more highly expressed 

ventrally (V) with low expression dorsally (D) in the ventricular zone and close to the boundary 

with p3 (Figure 4.9 I, black arrow). GAD67 displayed strong expression in the parafascicular 

nucleus and the centromedian, as well as in pretectum (Figure 4.9 J). FOXP2 expression was 

very strong in the putative centromedian nucleus and the parafascicular complex. It was also 

moderately expressed close to the midline and in the medial geniculate nucleus, although 

immunoreactivity was lower in the lateral portions of the thalamus. FOXP2 showed no 

expression in the anterior part, which was very strong in terms of NR2F1 expression (Figure 

4.9 K). GBX2 in this section was expressed in the medial geniculate nucleus and in the medial 

part of the thalamus (Figure 4.9 L). SP8 showed strong expression in the lateral geniculate 

nucleus, in the reticular formation and in the anteromedial part of the thalamus and at the 

boundary between p2 and p3 (Figure 4.9 M). To the best of our knowledge, this is the first time 

that SP8 expression has been described in the thalamus. 
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Figure 4.9. Immunostaining of CALB2, CALB1, OTX2, NR2F1, NR2F2, PAX6, GAD67, FOXP2, 

GBX2 and SP8 in the human thalamus more posterior ventral at 14 PCW. (A, B) Plane section of 

3D model in CT scan to show the place of sectioning in the thalamus. H&E staining shows the thalamic 

nuclei (C). CALB2 showed strong expression in the lateral and medial geniculate nucleus, but no 

expression in centromedian (red arrow) (D). CALB1 was strongly expressed in lateral dorsal, but not 

expressed in centromedian (see red arrow) (E). OTX2 displayed weak expression in both centromedian 

and ventroposteriomedial (F). NR2F1 immunoreactivity was high across the thalamus, but strongest 

anteriorly and in the lateral geniculate nucleus, centromedian (red arrow) (G). NR2F2 showed 

expression in the ventroposteriomedial, centromedian, medial geniculate nucleus and reticular 

formation, except for the lateral geniculate nucleus (H). PAX6 was strongly expressed in the dorsal 

ventricular zone of the thalamus, contrasting with the dorsal ventricular zone of the thalamus (black 

arrow) (I). GAD67 displayed strong expression in the centromedian, parafascicular nucleus and in 

pretectum (J). FOXP2 expression was highest in the centromedian (red arrow), lateral and medial 

geniculate nucleus and parafascicular nucleus was close to the habenulo peduncular tract (blue arrow) 

and weakest in the anterior thalamus (K). GBX2 displayed strong expression in medial geniculate 

nucleus and in mediodorsal (L). SP8 was strongly expressed in the lateral geniculate nucleus, 

anteromedial part of the thalamus (M). Abbreviations: mediodorsal (MD); lateral dorsal (LD); 

centromedian (CM); parafascicular nucleus (PF); pretectum (pTc); medial geniculate nucleus (MGN) 

lateral geniculate nucleus (LGN); Anterior (Ant); ventroposteriomedial (VPM); Reticular formation 

(RF). Scale bar 1mm. 
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Figure 4.10 A-L shows the more posterior and ventral set of sections in the thalamus. CALB2 

was found to be strongly expressed in the whole thalamus and in the ventral part of lateral 

geniculate nucleus (red arrow), but not at all in the dorsal part (blue arrow) and was absent 

from the centromedian nucleus (green arrow). CALB1 was expressed in the lateral dorsal 

nucleus and the lateral geniculate nucleus (Figure 4.10 E). Meanwhile, NR2F1 was also 

detected in the thalamic reticular formation (black arrow) (predominantly originating from p3 

(Puelles et al., 2013; Puelles & Rubenstein, 2003)), and formed a lateral boundary to the 

thalamus (Figure 4.10 F), as well also appearing in the lateral geniculate nucleus (Figure 4.10 

F). The reticular formation was likewise strongly immunoreactive for NR2F2 (Figure 4.10 G 

black arrow). It was also expressed in the pretectum and midbrain, with expression also 

extending into the dorsomedial and ventrolateral regions of the thalamus (Figure 4.10 G). 

GAD67 was expressed in the centromedian, dorsal part of the lateral geniculate nucleus, which 

is absent from FOXP2, SP8 and CALB2 (Figure. 4.10 H, blue arrow). GBX2 was expressed in 

the medial dorsal nucleus of the thalamus, and in the medial geniculate nucleus and at the 

boundary between p2 and p3 (Figure 4.10 I). FOXP2 was expressed in the centromedian and 

parafascicular (Figure. 4.10 J). PAX6 was highly expressed in the ventricular zone of the 

thalamus (Figure. 4.10 K). High expression of GAD67 was also observed anterodorsal to the 

lateral geniculate nucleus (Figure. 4.10H). SP8 but not GAD67 was detected to be expressed 

in ventral lateral geniculate nucleus, suggesting the SP8+/GAD67- neurons could be 

postmitotic cells and not interneurons.  FOXP2 and SP8 were not detected in the dorsal area of 

the lateral geniculate nucleus (Figure. 4.10 J, L). NR2F2 and SP8 both showed expression in 

the reticular formation (Figure. 4.10 G, L), suggesting that SP8 derived from GABAergic 

neurons of prethalamic origin and NR2F2 derived from pretectum, midbrain and prethalamus.  
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Figure 4.10. Immunostaining of CALB2, CALB1, NR2F1, NR2F2, GAD67, GBX2, FOXP2, PAX6, 

and SP8 in the human thalamus, most posterior ventral at 14 PCW. (A, B) Plane section of 3D 

model in CT scan to show the place of sectioning in the thalamus.  H&E staining shows the thalamic 

nuclei (C). CALB2 was found to be strongly expressed in the whole thalamus and in the ventral part of 

lateral geniculate nucleus (red arrow), but not at all in the dorsal part (blue arrow) as well as absent 

from the centromedian nucleus (green arrow) (D). CALB1 displayed strong expression in the lateral 

dorsal, but no expression in the centromedian (green arrow) (E). NR2F1 immunoreactivity was high 

across the thalamus as well as in the lateral geniculate nucleus, but no expression was present in the 

anterior, also expressed in the reticular formation (black arrow) (F). NR2F2 expression was confined to 

the posterior half of the thalamus, except for the lateral geniculate nucleus, and was expressed in the 

reticular formation (G). GAD67 displayed strong expression in the dorsal part of lateral geniculate 

nucleus and in the centromedian nucleus (H). GBX2 expression was observed in the mediodorsal and 

the medial geniculate nucleus (I). FOXP2 was most highly expressed in the centromedian and 

parafascicular nucleus, having weak expression in the anterior and the lateral geniculate nucleus (J). 

PAX6 was expressed in the proliferative zone of the thalamus (K). SP8 exhibited expression in the 

anteriomedial part of the thalamus, but strong expression in the ventral lateral geniculate nucleus (red 

arrow), although not in the dorsal (blue arrow) (L). Abbreviations: mediodorsal (MD); lateral dorsal 

(LD); lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); Anterior (Ant), 

Parafascicular nucleus (PF), Ventroposteriomedial nucleus (VPM); centromedian (CM); reticular 

formation (RF). Scale bar 1mm. 
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When compared to the other segments, the most posterior and ventral set of sections (Figure 

4.11A- L) offered a different perspective. CALB1 was expressed in the ventrolateral nucleus 

and lateral geniculate nucleus, but not expressed in the medial geniculate nucleus (Figure 4.11 

D). CALB2 was expressed in the ventromedial nucleus, ventral of the lateral geniculate 

nucleus, while NR2F2 and GAD67 were absent from the ventral part of the lateral geniculate 

nucleus (Figure 4.11 E). NR2F2 was strongly expressed in the reticular formation, also being 

expressed in the pretectum, with expression also extended into the dorsomedial and 

ventrolateral regions of the thalamus, whereas there was relatively weak expression in the 

anterodorsomedial domains (Figure 4.11 F). In addition, NR2F2 was expressed in the dorsal 

part of the lateral geniculate nucleus. NR2F1 was strongly expressed in the whole thalamus, 

but also detectable in the thalamic reticular formation (Figure 4.11 G), as well as in the dorsal 

and ventral part of lateral geniculate nucleus. SP8+ positive neurons were present in the anterior 

thalamus, in the LGN, as well as at the boundary between the thalamus and pretectum as well 

as in the reticular formation (Figure 4.11 H). FOXP2 was present in the ventroposteriomedial 

and in the ventral lateral geniculate nucleus (Figure. 4.11 I). GBX2 expression was weak in the 

thalamus at this stage, but could be detected in the medial geniculate nucleus at the boundary 

between the pretectum and the thalamus (Figure. 4.11 J). GAD67 exhibited strong expression 

in the dorsal lateral geniculate nucleus which is absent from FOXP2 immunoreactivity (Figure 

4.11 K). PAX6 was expressed in the ventral and dorsal part of the lateral geniculate nucleus, 

and in the ventricular zone of the thalamus (Figure 4.11 L). In summary, we identified marker 

genes for specific thalamic nuclei as listed in the a forementioned paragraphs. Some 

GABAergic neurons come from extra thalamic regions which expressed the reticular formation 

markers such as NR2F2, NR2F1, SP8. 
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Figure 4.11. Immunostaining of CALB1, CALB2, NR2F2, NR2F1, SP8, FOXP2, GBX2, GAD67 

and PAX6 in the human thalamus more posterior ventral at 14 PCW.  (A, B) Plane section of 3D 

model in CT scan to show the place of sectioning in the thalamus.  H&E staining shows the thalamic 

nuclei (C). CALB1 can be seen in ventral lateral and in lateral geniculate nucleus (red arrow) (D). 

CALB2 was expressed in the reticular formation, ventral medial and the ventral lateral geniculate 

nucleus (black arrow) (E). NR2F2 was expressed in the reticular formation (green arrow), as well as in 

the dorsal lateral geniculate nucleus (red arrow), and in the anteromediodorsal part of thalamus, and it 

was absent from the ventral part of lateral geniculate nucleus (black arrow) (F). NR2F1 expression was 

evident in the whole thalamus and in the ventral and dorsal lateral geniculate nucleus (G). SP8 appeared 

in the boundary between the pretectum and the thalamus, as well as in the reticular formation (green 

arrow), and in the lateral geniculate nucleus (H). FOXP2 was expressed in the ventral lateral geniculate 

nucleus (black arrow), and in the whole thalamus, with weak expression was seen in the ventromedial 

(I). GBX2 showed strong expression in the boundary between the thalamus and the pretectum as well 

as in the medial geniculate nucleus (J). GAD67 was strongly expressed in the dorsal lateral geniculate 

nucleus (red arrow), and in the reticular formation (green arrow) (K). PAX6 can be seen in the lateral 

geniculate nucleus (red arrow) (L). Abbreviations: ventrolateral (VL); ventromedial (VM); lateral 

geniculate nucleus (LGN); medial geniculate nucleus (MGN); ventroposteriomedial (VPM); reticular 

nucleus (RN). Scale bar 1mm.  
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4.4.5 Mapping of ZIC4 and SOX14 expression during the emergence of thalamic nuclei 

 
As found in a previous mouse study (Li et al., 2018), ZIC4 is essential for the development of 

the thalamus. ZIC4 was expressed in all pulvinar nuclei, medial, lateral and inferior parts and 

in the habenula (Figure 4.12 A). ZIC4 was no longer expressed throughout p2, but was strongly 

expressed in the putative habenula and the antero-dorsal edge of the thalamus at this level, as 

well as in some medial parts of the pretectum. It was also strongly expressed in the LGN (Figure 

4.12 B). It was highly expressed in the anterior thalamic nuclei, anteromediodorsal part of the 

thalamus as well as in the lateral geniculate nucleus (Figure 4.12 C, D). ZIC4 was further seen 

to be expressed in the lateral geniculate nucleus and in ventromedial thalamic nuclei (Figure 

4.12 E). We therefore identified ZIC4 as a marker gene for postmitotic cells and observed its 

expression in specific thalamic nuclei. 
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Figure 4.12. In situ hybridization for ZIC4 at 14 PCW.  In the anterior and dorsal set of sections (A, 

B). Posterior and ventral set of sections (C, D, E), ZIC4 showing strong expression in (PL, PI, PM) and 

in (Ha). ZIC4 was expressed in the whole pulvinar and habenula in the anterior dorsal part (A). ZIC4 

was strongly expressed in the putative habenula and at the antero-dorsal edge of the thalamus and in 

some medial parts of the pretectum and lateral geniculate nucleus in the more anterior dorsal part of the 

thalamus (B). ZIC4 was expressed in the anterior nuclei, lateral geniculate nucleus and the 

anteromediodorsal part of the thalamus, as well as in the anterior dorsal lateral geniculate nucleus in the 

ventral posterior part of the thalamus (C, D). ZIC4 was expressed in the ventromedial nucleus and in 

the lateral geniculate nucleus in the anterodorsal part in the most ventral and posterior part of the 

thalamus (E). Abbreviations: ventral lateral (VL); ventral medial (VM); lateral geniculate nucleus 

(LGN); ventroposteriomedial (VPM); lateral dorsal (LD); medial geniculate nucleus (MGN); Anterior 

(Ant); Parafascicular nucleus (PF), centromedian (CM); Medial dorsal (MD); lateral dorsal (LD); 

pretectum (pTc); Anterior (Ant); later pulvinar (PL); medial pulvinar (PM); inferior pulvinar (PI); 

habenula (Ha); ventroposteriolateral (PVL); Anterodorsal (AD); red nucleus (RN). Scale bar 1mm; 300 

μm. 
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4.4.6 Mapping of SOX14 expression during the emergence of thalamic nuclei 

 
SOX14 is expressed in GABAergic neurons of midbrain origin (Jager et al., 2021). As detected 

in the dorsal and anterior sections, SOX14 was strongly expressed in the midbrain (Figure 4.13 

A, B). SOX14 expression was confined to the same medial and ventroposterior areas of the 

thalamus, corresponding to the lateral and medial pulvinar, as well as in the midbrain, 

pretectum and the more posterior parts of the thalamus at the mid-thalamic level (Figure 4.13 

B). SOX14 expression was almost entirely absent from the anterior portions of this section 

(Figure 4.13 C). Expression was found to be stronger in the lateral posterior thalamus, but 

relatively weak in the adjacent lateral geniculate nucleus but showed expression in the medial 

geniculate nucleus (Figure 4.13 C, F). In the more ventral and posterior sections, SOX14 

expression was comparatively weak, and largely confined to the lateral margins in the lateral 

geniculate nucleus (Figure 4.13 D, E, F). We thus identified SOX14 as a marker gene for 

GABAergic neurons and observed its expression in specific thalamic nuclei. 
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Figure 4.13. In situ hybridization for SOX14 at 14 PCW.  In the anterior and dorsal set of sections 

(A, B). Posterior and ventral set of sections (C, D, E). In the anterior and dorsal section (A), SOX14 

showed strong expression in the midbrain. In the more anterior dorsal set of sections (B), SOX14 was 

strongly expressed in the midbrain, pretectum, ventroposteriolateral and medial area of thalamus.  In 

the ventral and posterior section (C, F), expression was also stronger in the lateral posterior thalamus 

and in the lateral part of the lateral geniculate nucleus. In the more posterior and ventral set of sections 

(D), SOX14 displayed no expression in the anterior nuclei, lateral geniculate nucleus (D, G) and weak 

expression in the medial geniculate nucleus. SOX14 was observed in lateral geniculate nucleus and 

reticular nucleus in the most posterioventral part (E, H). Abbreviations: ventral lateral (VL); ventral 

medial (VM); ventroposteromedial (VPM); lateral geniculate nucleus (LGN); medial geniculate 

nucleus (MGN); Anterior (Ant); Parafascicular nucleus (PF), centromedian (CM); Medial dorsal (MD); 

lateral dorsal (LD); prethalamus (prth); pretectum (pTc); Anterior (Ant); later pulvinar (PL); medial 

pulvinar (PM); inferior pulvinar (PI); habenula (Ha); ventroposteriolateral (PVL). Anterodorsal (AD); 

red nucleus (RN). Scale bar 1mm; 300 μm. 
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At 14 PCW, the three potential markers for the GABAergic neurons and their precursors, 

GAD67, SOX14 and NR2F2 were all generally expressed in the more posterior parts of the 

thalamus. Expression in the pretectum and midbrain appeared in a gradient across the thalamus, 

high at the thalamo-pretectal border, and declining towards the dorsal and anterior thalamus 

(Figure 4.8 G, Figure 4.9 J, Figure 4.10 H, Figure 4.13). These patterns of expression generally 

overlapped, suggesting a migration of the cells from the pretectum and the midbrain into 

posterior regions of the thalamus. GAD67 exhibited particularly striking expression in the 

centromedian nucleus and parafascicular nucleus, as previously shown at 16 PCW (Alhesain 

et al., 2023) (Figure 4.9 J, Figure 4.10 H) where there was clear co-expression of SOX14 in the 

individual cells (Figure 4.14 B, D). However, GAD67 was not expressed just lateral to these 

nuclei, where SOX14 expression was witnessed (Figure 4.14 C). At one particular level of 

sectioning, in a region just anterodorsal to the lateral geniculate nucleus, high expression of 

GAD67 was observed (Figure 4.10 H, Figure 4.11 K). This area also expressed ZIC4, 

suggesting it was thalamic in origin, but not FOXP2 or SP8, unlike the nearby putative lateral 

geniculate nucleus (Figure 4.10 J, L). Lack of expression of SP8 suggested it was not part of 

the thalamic reticular formation, and nor did it contain cells originating from the ventral caudate 

ganglionic eminence. This region also expressed ASCL1+ cells as a marker for immature 

GABAergic neurons in the forebrain (Poitras et al., 2007, Castro et al., 2011), as well as SOX14 

and NR2F2, suggesting these may be GABAergic neurons of pretectal or midbrain origin 

(Figure 4.11 F, Figure 4.13 D). However, it is unclear why they accumulate to such a high 

degree in this unidentified nucleus. We conclude that, between 10 and 14 PCW, the thalamus 

is partially invaded by SOX14+, NR2F2+ cells of pretectum/midbrain and prethalamic origin, 

respectively. However, certain nuclei, for instance the medial dorsal nucleus and medial 

pulvinar, remained devoid of these cells even by 16 PCW, suggesting migration had stopped. 

However, in some locations, the maturation of these cells was quicker than in others. For 

example, the SOX14+ cells of the centromedian nucleus expressed GAD67 at this stage, 

whereas those of the lateral geniculate nucleus did not. 
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Figure 4.14. Double labelling between GAD67 (green) and SOX14 (red) at 14 PCW. (A) GAD67 

and SOX14 displayed strong expression in the midbrain and co-localisation between these markers. (B) 

In the more anterior dorsal region, there was also co-expression of GAD67 and SOX14 in the midbrain 

and the pretectum. (C) In the more posterior and ventral section, GAD67 exhibited particularly striking 

expression in the centromedian nucleus and the parafascicular nucleus, along with co-expression with 

SOX14 in the individual cells. However, GAD67 was not expressed lateral to these nuclei where SOX14 

expression was observed. SOX14 does not exist in the lateral geniculate nucleus(D). Abbreviations: 

lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); ventroposteriomedial (VPM); 

centromedian (CM); parafascicular (PF); ventroposteriolateral (VPL). Scale bar 1mm; 300 μm. 

 

Anterior dorsal  
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The immunofluorescence analysis at 14 PCW revealed prominent expression of PAX6 in the 

ventral ventricular zone of the thalamus when contrasted with the dorsal area of the thalamus 

(Figure 4.15 A, B). Notably, PAX6 showed colocalization with NR2F2 within these areas, 

suggesting a potential interplay between these two transcription factors during the process of 

development and differentiation of these thalamic structures. The presence of both these 

proteins in the lateral and medial geniculate nucleus (Figure 4.15 A, C). This highlights their 

possible collaborative roles in the maturation of sensory processing pathways, whereas their 

expression in the ventricular zone indicates their involvement in progenitor cell dynamics 

during thalamic development.  

 Figure 4.15. Double labelling of PAX6 (green) and NR2F2 (red) at 14 PCW.   PAX6 shows strong 

expression in the ventricular zone of the thalamus and the prethalamus (red arrow) (A). NR2F2 was 

also strongly expressed in the lateral geniculate nucleus and in the reticular formation. Moreover, there 

was co-expression between these markers in the ventricular zone of the thalamus dorsal and ventral 

regions (B) and in the lateral geniculate nucleus (C). Abbreviations: lateral geniculate nucleus (LGN); 

medial geniculate nucleus (MGN); lateral dorsal (LD); medial dorsal (MD); centromedian (CM); 

parafascicular (PF); ventricular zone (VZ); Dorsal (D); ventral (V); ventroposteriomedial (VPM). Scale 

bar 1mm; 300 μm. 
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Figure 4.16 demonstrates the expression patterns of GBX2 and SP8 in the most posterior 

ventral thalamus section at 14 PCW, which exhibited a notable resemblance, with both being 

expressed in the postmitotic cells more medially than laterally. Their expression was 

prominently noted at the boundary of the thalamus and the pretectum (Figure 4.16 B). SP8 was 

expressed in the reticular formation and in the ventrolateral part of the thalamus (Figure 4.16 

A). The co-localisation of GBX2 and SP8 was shown in the anteromedial region of the 

thalamus (Figure 4.16 B, C).  

 

 

 

 Figure 4.16. Double labelling of GBX2 (red) and SP8 (green) at 14 PCW in the most posterior 

ventral section.   (A)SP8 showed strong expression in the reticular formation and the dorsal and ventral 

lateral geniculate nucleus as well as at the boundary between the thalamus and pretectum. (B) GBX2 

was expressed in the medial part of the thalamus except for in the ventricular zone. There was co-

localisation at the boundary between the thalamus and the pretectum (A, white arrow), as well as the 

anteromedial part of the thalamus (B). Abbreviations: lateral geniculate nucleus (LGN); medial 

geniculate nucleus (MGN); lateral (Lat); Medial (Medial), reticular formation (Re); Antrodorsal (AD) 

(VZ); Posterioventral (PV). Scale bar 1mm (A); 300 μm (B, C). 
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It was found that SP8 exhibited expression within the reticular formation and lateral geniculate 

nucleus. Moreover, GBX2 showed expression specifically in the medial dorsal nucleus, the 

ventrolateral part of the thalamus and medial geniculate nucleus. Interestingly, co-expression 

was observed in the medial nucleus among postmitotic cells. This indicated a unique pattern of 

gene expression within those regions, suggesting potential roles in the development and 

function of the neural structures. Further research may be warranted to elucidate the 

significance of co-expression in postmitotic cells within the medial geniculate nucleus (Figure 

4.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.17. Double labelling GBX2 (red) and SP8 (green) at 14 PCW in the posterior ventral 

section.  GBX2 showed strong expression in the medial nucleus and in ventrolateral part but not in 

lateral dorsal part of the thalamus, as well as expression in the medial geniculate nucleus (A). SP8 was 

also strongly expressed in the lateral geniculate nucleus and in the reticular formation. There was co-

localisation between these markers in the medial part of the thalamus in the medial nucleus (B). 

Abbreviations: lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); lateral dorsal 

(LD); medial dorsal (MD); centromedian (CM); parafascicular (PF); ventroposteriomedial (VPM); 

anterior (Ant). Scale bar 1mm. 
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4.5 Discussion 

In this study we observed a relatively rapid transition from the largely homogenous gene 

expression patterns in the thalamic mantle at 8 PCW to some evidence of differentiated patterns 

of expression by 10 PCW and recognizable thalamic nuclei by 14 PCW. A summary of 

transcription factor expression in both proliferative and post-mitotic compartments is provided 

in Figure 4.18.  In mice, the equivalent time points would be E12.5, E14.5-15.5 and E18.5 

(Suzuki‐Hirano et al., 2011, Gezelius et al., 2017, Nakagawa, 2019) and equivalent to 9 PCW, 

13PCW and 19 PCW in humans (Workman et al., 2013). Thus, additional evidence had been 

provided to show that human thalamic development follows a relatively accelerated time 

course compared to that of the mouse. It has further been demonstrated in mice that nucleus 

specific gene expression may be maintained by thalamocortical connectivity (Gezelius et al., 

2017), and our observations suggest earlier thalamocortical connectivity in human coincides 

with earlier thalamic nucleus formation. 

 

4.5.1 Protomap of the thalamic ventricular zone  

 
There was an anterior ventral to posterior dorsal gradient of SHH concentration across the 

developing thalamus, and this morphogen was secreted from the anteriorly located zona 

limitans intrathalamic and ventrally located basal plate (Nakagawa, 2019, Kiecker and 

Lumsden, 2004). SHH is known to sometimes suppress PAX6 expression (Ericson et al., 1997), 

consequently it was expected that there would be higher PAX6 expression in the ventricular 

zone posteriorly and dorsally, and not in the zona limitans intrathalamic (Figure 4.4 I). 

However, PAX6 was expressed strongly in the prethalamus of p3 (Figure 4.2 L) which would 

be expected if we are to receive a relatively high concentration of SHH, indicating the co-

expression and regulation of specific receptors and regulators of SHH signalling pathways in 

target cells is also important (Carballo et al., 2018). PAX6 expression was stronger and more 

persistent than that observed in the mouse, where weak expression dorsally was only observed 

up to E10.5 (Parish et al., 2016) at the age of onset of neurogenesis in the mouse thalamus 

(Angevine Jr, 1970). It is unclear why PAX6 expression extends throughout human thalamic 

neurogenesis, and ranges from as early as 6 PCW to at least 15 PCW (Rakic and Sidman, 1968, 

Workman et al., 2013, Alzu’bi et al., 2019).  

We observed a different gradient of expression of NR2F2 in the thalamic ventricular zone 

(Figure 4.2 J, Figure 4.10 G). In this case, expression was highest posteriorly and ventrally. 
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Thus, we had identified four zones to the human thalamic progenitor zone; the anterior/ventral 

which is NR2F2+/PAX6-; the anterior dorsal which is NR2F2-/PAX6-; the posterior/ventral 

which is NR2F2+/PAX6- and the posterior/dorsal which is NR2F2+/PAX6+. A more extensive 

future study of the expression patterns in humans might be informative. We also observed very 

weak expression of OLIG2 immunoreactivity in or near the ventricular zone, although 

unfortunately we only looked at 8 PCW and 14 PCW.  

Cell lineage tracing studies in the mouse have demonstrated that the neuroprogenitors located 

in specific regions of the thalamic ventricular zone give birth to neurons that are destined to 

populate discrete thalamic nuclei (Shi et al., 2017). Thus, anterior and dorsal thalamic 

ventricular zone promotes glutamatergic neurons that will populate anterior and medial higher 

order cognitive nuclei, whereas the middle and ventral thalamic ventricular zone populate 

higher order dorsolateral sensorimotor nuclei, and first order sensory nuclei located ventrally, 

posteriorly and laterally, respectively. It appears likely that a combinatorial protomap of 

transcription factor expression guides the specification of thalamic neurons. 

 

4.5.2 The emergence of thalamic nuclei  

Previous studies have shown that a variety of transcription factors can display universal 

expression in thalamic post-mitotic neurons, revealing restricted expression to specific nuclei 

as development proceeds. For instance, mouse Gbx2 is expressed by all thalamic neurons after 

leaving the cell cycle (Chen et al., 2009), but then becomes restricted in expression to mostly 

medial and anterior nuclei, with certain lateral and ventral nuclei also posteriorly excluded from 

the paraventricular nucleus and from the lateral geniculate nucleus (this occurs in both mice 

and monkeys) (Jones and Rubenstein, 2004). We have demonstrated that this also the case in 

humans. In another study in mice, Gbx2 is expressed in the centrolateral and the mediodorsal 

nucleus (Ebisu et al., 2017). GBX2 immunoreactivity is expressed in the thalamus medially 

and excluded from ventricular zone at 8 PCW (Figure 4.4 E). It became restricted to the medial 

and posterior regions of the thalamus as early as 10 PCW (Figure 4.6 B), and by 14 PCW was 

confined to medial locations and the medial geniculate nucleus (Figure 4.8 L, Figure 4.9 L, 

Figure 4.10 I). Gbx2 is crucial for the establishment of the molecular identity of the thalamus 

in a mouse study. The ablation of Gbx2 results in loss of thalamic identity, which is correlated 

with a partial change to Habenula identity. Furthermore, Gbx2 regulates a feedback mechanism 

from the postmitotic cells in the mantle zone, to modulate the growth of thalamic progenitor 
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cells. Additionally, Gbx2 deletion altered gene expression, not only in the mantle zone, but also 

in the intermediate and the ventricular zone of the thalamus. Thus Gbx2 deletion causes 

abnormal cell proliferation in the thalamus (Mallika et al., 2015).  

We have also observed FOXP2 expression shift from being homogenous across the thalamus 

at 8 PCW (Figure 4.2 E), to becoming widespread but stronger medially and posteriorly at 10 

PCW (Figure 4.6 C), to being strongly expressed in specific nuclei only (e.g. centromedian, 

medial geniculate nucleus) and absent from the anterior nuclei by 14 PCW (Figure 4.9 K). 

Increasing expression from anterior to posterior was previously reported in the mouse brain 

(Ebisu et al., 2017), but no medial to lateral gradient was reported. Using transgenic mice 

expressing mutant Foxp2, (Ebisu et al., 2017) demonstrated that FOXP2 directs the 

development of posterior nuclei, and interacts with GBX2 in the counter gradients of 

expression. The posterior nuclei were smaller, whereas the intermediate nuclei expanded along 

with the thalamic territories, expressing Gbx2 and Cadh6. The anterior nuclei were unaffected. 

Our evidence suggests something similar occurs in humans, although it is interesting that this 

interaction to form a protomap would arise in postmitotic cells, as these transcription factors 

are not expressed in ventricular zone progenitors, even at 8-10 PCW (Figure 4.2 D E, Figure 

4.3 E, D, Figure 4.4 D E, Figure 4.5 D E). 

Conversely, ZIC4 expression was widespread in the human thalamus at 8 PCW (Figure 4.2 C), 

as well as being expressed in the epithalamus and thalamus in the middle part of the thalamus 

at 8 PCW (Figure 4.4 C), maintaining expression laterally where FOXP2 expression was 

weaker in the middle part of the thalamus compared to ZIC4 .In the posterior region ZIC4 was 

expressed only in the epithalamus (Figure 4.5 C) while FOXP2 strong expression in the 

thalamus in this section. ZIC4 then showing expression confined to the anterior and medial 

structures, and the lateral geniculate nucleus, by 14 PCW (Figure 4.12 C D E). In the mouse, it 

is known that Zic4 is preferentially expressed in LGN, and Foxp2 in medial geniculate nucleus 

during post-natal development, and plays a role in guiding the development of visual and 

auditory pathways respectively (Horng et al., 2009). Interestingly, it has been shown in the 

mouse that the expression of Zic4 in cells with reduced Pax6 expression prompts lateral 

geniculate nucleus  neurons that maintain Zic4 expression (Li et al., 2018). As we have shown 

that the human thalamus also has a ventral and posterior ZIC4+ PAX6- domain early in 

development, we can also surmise this might be the location for the production of lateral 

geniculate nucleus neurons, as demonstrated in mouse in cell lineage tracing studies (Shi et al., 
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2017). However, humans seem to differ significantly from mice in not expressing ZIC4 as 

strongly in the prethalamus (Li et al., 2018). 

Detection of so much SP8 immunoreactivity in the thalamus was a surprising finding. We 

employed it as a marker of GABAergic neurons, originating either from the prethalamus or the 

caudal ganglionic eminence. We observed SP8 expression in the prethalamus at 8 PCW (Figure 

4.4 F), and found that by 14 PCW, it was a strong marker for the reticular formation (Figure 

4.11 H). In addition, it emerged to be a reliable marker for lateral and medial geniculate nucleus. 

It showed strong co-expression with GBX2 at the cellular level in the anterior medial thalamus, 

but in the posterior regions it was co-expressed in the same nuclei, but less than at the cellular 

level. We have provided evidence for a potential novel role for SP8 in thalamic development, 

which may be human specific, as it has not previously been reported in other studies in other 

species.  

 

4.5.3 Invasion of the thalamus by GABAergic interneurons  

 

GABA (γ-aminobutyric acid) is the principal inhibitory neurotransmitter in the mammalian 

central nervous system (CNS). Its fundamental inhibitory role has been shown to be to regulate, 

attenuate, and synchronize the excitability of the primary excitatory neurones, which constitute 

the basic conduits of neural communication within and between the brain’s neuronal networks 

(Freund and Buzsáki, 1996, Whittington and Traub, 2003, Jonas et al., 2004). 

Evidence shows that in the primate thalamus there is a far higher proportion of GABAergic 

interneurons within the nuclei, than thalamic reticular neurons providing inhibition to thalamic 

neurons from a location outside the thalamus (Arcelli et al., 1997). The dorsal thalamic nuclei 

also include local interneurons, another type of neuron. The ratio of interneurons fluctuates 

based on the nuclei and the species. They may constitute as much as 30% of cell bodies, as 

indicated by the glutamic acid decarboxylase (GAD) staining. This enzyme converts glutamate 

into GABA. The primate thalamus contains a greater proportion of interneurons than the rodent 

thalamus. In the mouse somatosensory thalamus, interneurons are absent (Arcelli et al., 1997), 

whereas in the dorsal lateral geniculate nucleus, interneurons comprise 20% of the neuronal 

population (Gabbott et al., 1988). In primates, local GABAergic neurones constitute around 

35-40% of the neuronal population in the dorsal lateral geniculate nucleus (Arcelli et al., 1997). 
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Comparative histological analyses suggest that interneurons constitute roughly 15–20% of 

cortical neurones in rodents, but represent a greater percentage in primates (Džaja et al., 2014). 

 In both rodents and primates, the source of these interneurons is either the rostral midbrain, 

for those expressing SOX14 and OTX2 (80% in rodents, 90% in marmoset), or from the 

forebrain, using cell tracing studies (Jager et al., 2021), but is not from the dorsal thalamic 

ventricular zone in either rodents or primates.  

In rodents, the forebrain origin of GABAergic interneurons is the prethalamic (p3) progenitor 

zone (Jager et al., 2021) although the rostral most thalamic ventricular zone may give rise to 

GABAergic projection neurons of the intergeniculate leaflet and ventral LGN (Vue et al., 

2007). This is also the case in marmosets but in human, it has long been argued that late born 

thalamic neurons can derive from the medial CGE (Letinic and Rakic, 2001, Krienen et al., 

2020, Kepecs and Fishell, 2014) and this has been recently confirmed by transcriptomic studies 

of cell lineage which found thalamic neurons expressing the telencephalic marker 

FOXG1(Bakken et al., 2020, Kim et al., 2023). However, in situ hybridisation studies have 

demonstrated a complete absence of expression of FOXG1, in the thalamus at 15 PCW (Ding 

et al., 2022) suggesting these neurons arrive later in development. 

The current study confirmed SOX14, OTX2 and GAD67 expressing cells appear in the 

posterior two thirds of the thalamus by 14 PCW. Elsewhere, it has previously been observed 

that there is a posterior to anterior appearance of interneurons across the thalamus in non-

human primates and carnivores (Jones, 2002), and that interneurons arrive late in the thalamus, 

mid-gestation in monkeys, and at birth in ferrets (Jones, 2002). Our observations therefore 

concur that the appearance of interneurons in the thalamus proceeds posterior to anterior, and 

are co-incident with the emergence of thalamic nuclei, but again stresses that the process of 

human thalamic development begins relatively earlier than predicted.  

We found no evidence that interneurons progress significantly further anteriorly between 14 

and 16 PCW, leaving open the question of whether anterior nuclei are populated by midbrain 

origin GABAergic neurons much later in the developmental process, or whether they are 

populated by cells of prethalamic or telencephalic origin. The anterior nuclei have the highest 

proportion of interneurons in humans and macaques (Hunt et al., 1991, Dixon and Harper, 

2001, Popken et al., 2002) possibly due to supplementation from the caudal ganglionic 

eminences. Meanwhile, whereas in rodents midbrain origin interneurons preferentially cluster 

in the posterior and lateral nuclei and forebrain origin neurons in the anterior and medial (Jager 
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et al., 2021), recent analysis of non-human primates and human data suggests a more 

homogenous distribution of the two interneuron classes across the thalamic nuclei (Bakken et 

al., 2020, Jager et al., 2021), possibly indicating a pause in migration. 

Although SOX14+ presumed that GABAergic interneurons were distributed throughout the 

posterior two thirds of the thalamus at 14 PCW, a large proportion did not co-express GAD67, 

suggesting a lack of functionally maturity. However, certain nuclei did show precocious 

expression of GAD67, namely the centromedian nucleus and associated parafascicular 

complex. Consequently, it is thought these nuclei may mature more quickly than other nuclei. 

In the adult brain, the centromedian receives both multimodal sensory input and the ascending 

reticular activating system; while projecting primarily into sensorimotor areas, it connects 

indirectly via other thalamic nuclei with a large proportion of the forebrain, and is thus 

understood to play a role in arousal and attention (Kinomura et al., 1996, Van der Werf et al., 

2002, Jang et al., 2014, Ilyas et al., 2019). In development, thalamo-cortical innervation occurs 

first in the subplate sensorimotor cortex (Krsnik et al., 2017, Alzu’bi et al., 2019) and 

projections from the centromedian/ parafascicular may initiate early coordinated spontaneous 

activity in the thalamus and the cortical subplate that drives development (Molnár et al., 2020b, 

Molnár et al., 2023).  

To summarize, we studied the emergence of the thalamic nuclei in human foetal brain 

development. Our results suggest a combinatorial protomap of transcription factor expression 

that guides specification of thalamic neurons. Our observations further concur that the 

appearance of interneurons in the thalamus proceeds posterior to anterior, and is co-incident 

with the emergence of thalamic nuclei, but again then stresses the point that human thalamic 

development arises relatively earlier than might have been anticipated. 
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Figure 4.18. A summary of transcription factor expression in emerging thalamic nuclei within 

proliferative and post-mitotic compartments. (A) Protomap of the ventricular zone from 8–15 post-

conception weeks (PCW): Regional domains include anterio/dorsal and posterior/dorsal regions (shown 

in red), anterio/ventral and posterio/ventral regions (blue). (B) Protomap of post-mitotic cells from 8–

10 PCW: Similar regional organization is observed, with anterio/dorsal and posterio/dorsal regions 

marked in red, and anterio/ventral and posterio/ventral regions in blue, and medial and lateral regions 

(green). (C) Transcription factor expression in emerging thalamic nuclei at 14–15 PCW: Ventral nuclei 

(blue): ventroanterior/ventromedial (VA/VM), ventral lateral (VL), ventroposterior medial (VPM), 

ventroposterior lateral (VPL), medial geniculate nucleus (MGN), and lateral geniculate nucleus (LGN); 

lateral posterior (LP), centromedian/parafascicular (CM/Pf) in green. Dorsal nuclei: habenula (HAB) 

and pulvinar (PULV) in black; anterior and mediodorsal (MD) nuclei in red; laterodorsal (LD), and 

posterioventral (PV) in green. 
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5 Chapter 5 NRXN1 expression in the human fetal forebrain 

5.1 Introduction:  

Neurexins are presynaptic cell adhesion molecules that play an essential role in the synaptic 

connectivity of neurons. In mammals they are coded for by three genes, NRXN1, NRXN2, and 

NRXN3. The majority of neurexins are situated on the presynaptic membrane and possess a 

solitary transmembrane domain (Chen et al., 2011). NRXN genes are the biggest in the human 

genome, and are more than one megabase pair (Mbp) long with 23 exons, and can be spliced 

differently producing thousands of isoforms (Missler and Südhof, 1998, Rowen et al., 2002). 

Neurexins are proteins that play important roles in the synapses including exocytosis of the 

vesicles, synapse formation, and cell-cell recognition via binding with other synaptic proteins, 

such as neuroligins (Reichelt et al., 2012). 

 

5.1.1 NRXN isoforms and interactions with neuroligins 

 

Neurexin 1, as encoded by the NRXN1 gene, is typically expressed as a protein translated from 

the longer NRXN1-α and shorter NRXN1-β mRNA isoforms (Ullrich et al., 1995). The NRXN1-

α protein isoform comprises three epidermal growth factor like domains (Höflich et al., 2015) 

and six laminin/NRXN/sex-hormone binding globulin (LNS) domains. Additionally, the 

NRXN1-α isoform includes PDZ-binding sequences in its cytoplasmic tail. However, NRXN1-

β has just a single extracellular LNS domain, with the same transmembrane and cytoplasmic 

domain as NRXN1-α. Six differential splicing sites have been identified in NRXN1-α (splice 

sites SS1–6), whereas two, of which 4 and 5 are also present in NRXNβ (Schreiner et al., 2014). 

A shorter variant of NRXN1, known as NRXN1-γ, does not possess the EGF-like and LNS 

domains, and only contains the transmembrane region and cytoplasmic tail (Yan et al., 2015) 

(Figure 5.1). 

Presynaptic neurexins form trans-synaptic adhesion complexes with postsynaptic neuroligins 

(NLGNs) and other transmembrane proteins (Jenkins et al., 2016) (Figure 5.2). The 

extracellular LNS domain plays a crucial role in the attachment of ligands, which is vital for 

pre and postsynaptic development (e.g., neuroligin) (Zhang et al., 2018). NLGN/NRXN 

adhesion complexes are fundamental for the development of glutamatergic and GABAergic 

synapses, and dictate the balance of excitatory and inhibitory synapse formation and function 

(Zhang et al., 2010). NRXN1-α is involved in the development of inhibitory GABAergic 
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synapses (Graf et al., 2004, Boucard et al., 2005, Kang et al., 2008), whereas NRXN1-β 

predominantly binds to glutamatergic postsynaptic partners (Graf et al., 2004, Boucard et al., 

2005, Chih et al., 2006, Siddiqui et al., 2010). αNRXNs are involved in Ca2+-dependent 

neurotransmitter release that arises when their intracellular PDZ domain binds to proteins such 

as calcium/calmodulin-dependent serine protein kinase (CASK), which couple NRXN-

mediated cell adhesion to synaptic vesicle exocytosis machinery (Hata et al., 1996). They also 

play a role in ensuring the proper assembly of synapses into a fully functional unit, although 

they are not required during the initial formation of synapses (Missler et al., 2003). This also 

suggests NRXNs may be required for synapse formation in the later developmental stages. 

While βNRXNs also attract other PDZ domain proteins to the presynaptic membrane, their 

chief interaction is with neuroligin (NLGN) proteins on the other side of the synaptic gap 

through their extracellular domain (Ullrich et al., 1995, Koehnke et al., 2010). Certain αNRXN 

splice variants similarly bind to neuroligin proteins (Boucard et al., 2005, Reissner et al., 2013). 

Different roles in synaptogenesis and synaptic transmission have been attributed to αNRXNs 

and βNRXNs, due to separate ligand interactions (Reissner et al., 2013, Petrenko et al., 1996). 

Interestingly, and in contrast with the absence of a role for αNRXN in synapse formation, it 

has been reported that expression of NRXN1 is sufficient to stimulate the creation of synapses 

in cultured non-neuronal cells, indicating that NRXN1 may be a crucial mediator of synapse 

development (Jenkins et al., 2016).  

 

The binding affinities between different pairs of NRXNs and NLGNs vary. This variation is 

regulated by alternate splicing of both binding partners (Comoletti et al., 2006). NRXNs and 

NLGNs are also produced in all the excitatory and inhibitory neurons located throughout the 

brain in vertebrates (Ichtchenko et al., 1995, Ichtchenko et al., 1996, Ullrich et al., 1995). The 

variants αNRXNs and βNRXNs are expressed together in the same group of neurons (Ullrich et 

al., 1995). However, each NRXN type 1, 2, or 3 (Ullrich et al., 1995) has different α splice 

variants, mRNA, and proteins (Schreiner et al., 2014), distributed in varying quantities among 

distinct neuronal types. Moreover, a link has been observed between certain members of the 

neuroligin family and genetic susceptibility for neurodevelopmental and/or neuropsychiatric 

conditions, such as schizophrenia and autism spectrum disorder (Sun et al., 2011).  
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Figure 5.1 Thestructure and function of neurexin 1. NRXN1- α and NRXN1-β isoforms are 

generated from NRXN1 gene. The neurexin 1-α isoform comprises three EGF (epidermal growth 

factor)-like domains, six LNS (protein-binding domains for laminin, neurexins, and sex hormones) 

domains, a highly glycosylated region, and a PDZ domain binding motif. Neurexin 1-β has a single 

LNS domain and identical sequences to neurexin 1-α at their carboxy-terminus. Neurexin 1-γ lacks all 

EGF-like and LNS domains. Alternative splicing sites (SS1–SS6) are indicated (Hu et al., 2019). 
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Figure 5.2 Interaction between Neurexin (NRXN) and Neuroligin (NLGN) at a synapse. 

Presynaptic neurexins form trans-synaptic adhesion complexes with postsynaptic neuroligins (NLGNs). 

The extracellular LNS domain plays a crucial role in the attachment of ligands. αNRXNs are involved 

in Ca2+-dependent neurotransmitter released from their intracellular PDZ domain, binding to proteins 

such as calcium/calmodulin-dependent serine protein kinase (CASK) and coupling with NRXN-

mediated cell adhesion to synaptic vesicle exocytosis machinery. Meanwhile β NRXNs also attracted 

by other PDZ domain proteins to the presynaptic membrane, and their main interaction is with 

neuroligin (NLGN) proteins on the other side of the synaptic gap through their extracellular domain by 

M.Alhesain in (Biorender software) (Südhof, 2008). 
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5.1.2 Expression and role of NRXN1 in the developing nervous system 

 

Additional research has further indicated that NRXN1 is highly concentrated in the pre-

synaptic compartment and associated structures, for example growth cones (Dean et al., 2003). 

NRXN1-β is especially abundant in brain regions that are associated with cognition, such as the 

cortical plate, thalamus, and some areas of the hippocampus (Puschel and Betz, 1995). 

Furthermore, it is believed that the NRXN1β primarily exerts an excitation impact, while the 

NRXN1α is involved in both excitation and inhibition. Continued discussion is taking place on 

the function of NRXN1 in the maturation of neurones. The role played by NRXN1 in neuronal 

maturation continues to be debated (Wu et al., 2023). One study has found that morphological 

properties, including total neurite length, number of primary processes, and neurite branch 

points remained unchanged in NRXN1 mutant human neurons (Pak et al., 2015), while another 

showed reduced neurite numbers and total length in NRXN1+/− hiPSC-neurons (Flaherty et al., 

2019). Meanwhile, triple NRXNα knockout mice died soon after birth, suggesting that having 

at least two intact NRXNα is critical to survival (Missler et al., 2003). 

 

5.1.3 Role of NRXN1 in neurodevelopmental and neuropsychiatric disorders 

 

The promoter region of the NRXN1α isoform has been affected in patients with schizophrenia 

(Kirov et al., 2008, Ikeda et al., 2010). Multiple subsequent research provided data supporting 

NRXN1 as a potential gene, which, when mutated, increases vulnerability to autism spectrum 

disorder, schizophrenia, and intellectual disability (Kirov et al., 2008, Kim et al., 2008, 

Glessner et al., 2009, Rujescu et al., 2009, Ching et al., 2010, Gauthier et al., 2011, Viñas‐

Jornet et al., 2014, Marshall et al., 2017, C Yuen et al., 2017). Furthermore, deletion of NRXN1 

is also believed to cause attention deficit hyperactivity disorder (ADHD) (Schaaf et al., 2012). 

NRXN1β coding sequences are left intact in most NRXN1 deletions seen in autism spectrum 

disorder and schizophrenia, which are localised to the promoter and initial exons of NRXN1α 

(Reichelt et al., 2012).  

The prefrontal cortex (PFC) is crucial for social cognition and emotional regulation (Sakamoto 

and Yashima, 2022), playing important roles in cognitive flexibility and attention. In mice with 

heterozygous NRXN1α deletion, the efficiency of functional brain networks is diminished with 

effects such as reduced thalamic-prefrontal cortex (PFC) interconnectivity (B Hughes et al., 

2020). In patch-clamp electrophysiological experiments, it emerged that patient-derived stem 

cells with deletion in NRXN1α exhibit hyperexcitability, with the potential to lead to epilepsy 
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at the network level (Avazzadeh et al., 2021). Research indicates that NRXN1 is most highly 

expressed in the human prefrontal cortex during crucial periods of development (Jenkins et al., 

2016). Further, abundant detection of the NRXN1 mRNA has been reported in the early 

postconceptional week (12 PCW) in the human embryonic neocortex, and is found to peak at 

birth before slowly decreasing with age. NRXN1 expression levels in the prefrontal cortex are 

found to be altered in individuals with schizophrenia and bipolar disorder comparative to 

control groups (Skiba et al., 2021).  

 

Synaptic deficits  in rodent models associated with deletion of NRXN1 include decreased 

excitatory postsynaptic currents in the CA1 pyramidal neurons (Etherton et al., 2009), lowered 

inhibition in a subpopulation of hippocampal interneurons (Uchigashima et al., 2020), reduced 

thalamic and cortical excitatory drive to striatal neurons (Davatolhagh and Fuccillo, 2021), 

disrupted synaptic transmission from the prefrontal cortex to the amygdala, and impaired 

amygdala feedforward inhibition (Asede et al., 2020). Behaviourally, NRXN1 knockout (KO) 

mice and rats displayed learning deficits, increased grooming behaviour, deficits in 

sensorimotor gating and altered social behaviour which can be likened to autistic traits in 

humans (Esclassan et al., 2015, Forsingdal et al., 2019). NRXN1α KO rats have also previously 

showed auditory processing deficits, hyperactivity, and major oscillatory abnormalities as also 

seen in schizophrenia and ASD (Janz et al., 2022). Moreover, NRXN1α KO mice exhibit high 

anxiety levels and altered social behaviour, however with intact working memory (Grayton et 

al., 2013).  

 

Given its role in shaping synaptogenesis and possible neurogenesis, among other functional 

roles, and its genetic susceptibility in neurodevelopmental and neuropsychiatric disorders, it is 

crucial to map the expression of NRXN1 in the developing human foetal forebrain, which the 

present study sought to investigate. This has not been fully established in the developing human 

cortex. 

 

It had been previously shown in the laboratory setting, based on tissue RNAseq, qPCR and 

immunohistochemistry, that NRXN1 is highly expressed in the developing human cerebral 

cortex from 8-12 PCW, and that this protein is not confined to the synaptic zones of the subplate 

and marginal zone, but is also present in the cell bodies of both post-mitotic neurons and 

neuroprogenitor cells (Harkin et al., 2017). As this was a surprising finding, we decided to 

search for confirmatory evidence for cell types expressing NRXN1 by conducting RNAscope 

in situ hybridization combined with immunohistochemistry targeting different cell markers. 
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5.2 Aim of the study  

 
By understanding when, where and in which cell types NRXN1 is expressed during 

development, it may be possible to understand how mutations in this gene lead to 

neurodevelopmental diseases. Our research aimed looked at the thalamus, and ventral 

telencephalon between the ages 8-12 PCW. Tissue and Single-cell RNAseq databases were also 

consulted. 

 

5.3 Methods:  

All the methods employed, including single and double labelling immunofluorescence as well 

as RNA scope in-situ hybridization with immunofluorescence, are described in detail in 

Chapter 2. The Hs-NRXN1 RNAscope probe and NRXN1 primary antibody detect both 

isoforms of NRXN1.   

  

5.4 Results  

5.4.1  Transcriptomic analysis of NRXN1 expression in human forebrain 

  

Multiple databases were searched for data pertaining to the expression of NRXN1. Whole tissue 

RNA sequencing data stored at the website (www.ebi.ac.uk/arrayexpress/experiments/E-

MTAB-4840) was utilised (Lindsay et al., 2016). This comprises 138 samples of cortical tissue 

taken at ages ranging from 7.5 to 17 PCW from different sites along the anterior-posterior axis 

of the brain, including the temporal lobe (Figure 5.3 A). A significant increase in NRXN1 

expression was revealed correlating with age (Figure 5.3 B). The expression of NRXN1 was 

shown to be high from the first phase of cortical plate formation (7.5 PCW) to the later 

developmental stage, and expression level rose considerably with age. A similarly significant 

relationship between NRXN1 expression with age up to 12 PCW has previously been reported 

by (Harkin et al., 2017). We found the samples at 7.5, 9, 10, 13 PCW showed expression in the 

top 25% of protein coding genes (more than 40 normalized RPKM) and the remaining samples 

that had expression in the top 5% had normalized RPKM values greater than 160, at 11, 12, 14, 

15, 16 and 17 PCW (Figure 5.3 B). This suggests that NRXN1 is instrumental in the 

development of the cortical region. Its expression increases with age and may primarily be 

expressed in postmitotic cells. Furthermore, there is a correlation between the age of the 

http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840
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cortical region and the proportion of postmitotic cells present (Figure 5.3 B) (Miller et al., 

2014).  

 

The cerebral development expression viewer (CoDEx) database, which is a scRNAseq 

database, was interrogated to investigate the cell type specificity of NRXN1 expression further. 

According to (Polioudakis et al., 2019), this provides information regarding the expression of 

human cortical tissue samples taken at 17/18 PCW (solo.bmap.ucla.edu/shiny/webapp). 

NRXN1 was found to be ubiquitously expressed in a high proportion of cells, including the 

glutamatergic and GABAergic neurons, as well as subtypes of progenitor cells. Expression was 

consistently highest in the more mature glutamatergic neurons (presumably from the subplate 

and lower cortical plate) and lower in dividing progenitor cells when compared to quiescent 

progenitors. NRXN1 showed the lowest expression in cells of non-neuroectodermal origin, such 

as microglia, pericytes and endothelial cells. Expression levels were highly variable in many 

of the cell types (Figure 5.4 A). Likewise, single-cell RNAseq data for the thalamus at 16 PCW 

revealed distinct expression patterns for NRXN1 among the various cell types, with differential 

expression observed between progenitor cells, GABAergic neurons, and glutamatergic 

neurons. NRXN1 was also widely expressed in the thalamus, co-localizing with both 

glutamatergic (SLC17A6/vGLUT2 expressing) and GABAergic (GAD1/GAD67 expressing) 

neurons, as well as potential progenitor cells and astrocytes (GADD45B expressing) (Chapter 

3; Figure 5.4 B). These findings underscore the multifaceted expression patterns of NRXN1 in 

neuronal subtypes in both the cerebral cortex and the thalamus, shedding light on its potential 

functional significance in the development of the early human brain. 
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Figure 5.3. NRXN1 gene expression in the cortex across development. (A) Normalized RPKM for 

138 cortical samples of varying ages, plotted against their location on the anterior to temporal axis, 

where 0 corresponds to the anterior pole of the cortex, 5 to the posterior pole and 7 to the temporal pole 

(Miller et al., 2014). (B) Normalized RPKM values for 138 cortical samples taken from various cortical 

locations plotted against age (PCW), show a linear relationship in terms of increasing expression of 

NRXN1 with age (Lindsay et al., 2016). The expression of NRXN1 some ages expressed in the top 5% 

(more than 160 RPKM) and some of them in the top of 25% (more than 40 RPKM). 
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Figure 5.4. (A) Single-cell NRXN1 RNAseq data for the cerebral cortex at 17/18 PCW taken from 

solo.bmap.ucla.edu/shiny/webapp/.   t-distributed stochastic neighbour embedding (tSNE) map and 

accompanying bar charts revealed NRXN1 is ubiquitously expressed in neuroectoderm-derived cell 

types, but especially so in more mature excitatory (glutamatergic) neurons, mature GABAergic neurons 

(both CGE and MGE derived) and non-dividing radial glia. Expression was lower in the dividing 

progenitor cells. (B) Single-cell RNAseq data for the thalamus at 16 PCW was taken from NEMO 

Analytics UMAP plots generated for NRXN1. For data concerning the classification of cell clusters see 

Chapter 3. 
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5.4.2 RNA in situ hybridization and immunohistochemical studies of NRXN1 

expression at 8PCW  

 

The highest level of NRXN1 expression was observed in the cortical plate followed by the 

subplate (SP) at 8 PCW (Figure 5.5 B). This predominantly contains immature excitatory 

neurons, and stronger expression was seen in the anterior region compared to the posterior 

region of the cortex, although this may reflect the greater cellular density in the anterior cortex 

at this stage (Figure 5.5 A). There was also intermediate expression of the gene in the cells of 

the subventricular zone (SVZ), which contain a combination of progenitor cells and newborn 

neurons, and low expression in the progenitor cells of the ventricular zone (VZ). In a further 

region of the forebrain (which principally produces glutamatergic neurons), there was high 

expression of NRXN1 in the post-mitotic mantle of the thalamus at 8 PCW, and in the 

subventricular zone. However, the ventricular layer, which largely contains neuroprogenitors, 

exhibited low levels of expression (Figure 5.5 C). Interestingly, in the ganglionic eminences, 

which principally produce GABAergic neurons, strong expression of NRXN1 was observed in 

parts of the ventricular zone (GE); being highly expressed in the ventral lateral ganglionic 

eminence (vLGE) and LGE-like caudal ganglionic eminence (lCGE), but not in the dorsal LGE 

(dLGE) or medial ganglionic eminence-like CGE (mCGE). There were also lower levels of 

expression in the subventricular and mantle regions of the ganglionic eminences (Figure 5.5 

D).  

 

There was strong expression in the ventral pallium in both the cortical plate and the 

proliferative layers (Figure 5.5 and 5.6). To confirm NRXN1 was highly expressed in the ventral 

pallium, we co-stained a section at 8 PCW for NR2F1 by immunofluorescence, and for NRXN1 

by RNA scope in situ hybridization (Figure 5.6). NR2F1 was strongly expressed throughout 

the layers of the ventral pallium (VP), as previously described (Alzu'bi et al., 2017), as well as 

in the same location as NRXN1 staining, confirming its expression in the VP. However, in all 

the other cortical regions, NR2F1 and NRXN1 was differentially localised to VZ and CP, 

respectively. There was also no co-expression in the posterior region of the cortex (Figure 5.6).  
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  Figure 5.5. In situ hybridization for NRXN1 mRNA expression in the medial sagittal section at 

8PCW.   (A) The sagittal section at 8 PCW shows NRXN1 mRNA expression throughout the forebrain, 

but this is strongest in the ventral pallium and the proliferative zones of the ganglionic eminence 

(counterstained with toluidine blue TB). (B) Shows the dorsal neocortex at a higher magnification. 

NRXN1 expression was also highest on the cortical plate, and there was moderate expression in the 

subventricular zones and weak expression in the ventricular zone. The was also high expression in the 

mantle zone (white star) and in the subventricular zone but not in the ventricular zone of the thalamus 

(black arrow) (C). NRXN1 was highly expressed in the proliferative zones of the ventral lateral 

ganglionic eminence and the lateral caudate ganglionic eminence and there was weak expression in the 

dorsal lateral ganglionic eminence and medial caudate ganglionic eminence (dLGE, mLGE) (D). 

Abbreviation: ventral pallium (VP); subventricular zone (SVZ); ventricular zone (VZ); ventral lateral 

ganglionic eminence (vLGE); lateral caudate ganglionic eminence (lCGE); dorsal lateral ganglionic 

eminence (dLGE); medial caudate ganglionic eminence (mLGE); Thalamus (TH); cortex (CRX). 

Cortical plate (CP); subplate (SP); Anterior (Ant); Posterior (Pos). Scale bars; A, 1 mm; B–D, 200 μm.  
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Figure 5.6 depicts that in the ganglionic eminences, NRXN1 expression was largely confined 

to parts of the ventricular zone, whereas NR2F1 was found in both progenitors and postmitotic 

cells. NR2F1 was also expressed throughout the ventricular zone of the ganglionic eminences, 

whereas co-expression with NRXN1 was only evident in the vLGE and lCGE. In addition, in 

the thalamus, the VZ exclusively expressed NR2F1, and the SVZ showed a high degree of co-

localisation of NR2F1 with NRXN1, although in the postmitotic region NRXN1 showed greater 

expression (Figure 5.6). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. In situ hybridization for NRXN1 mRNA expression and NR2F1 immunostaining in 

the medial sagittal section at 8PCW. NR2F1 was highly expressed in the progenitor cells of the 

ventricular zone of the cortex. Co-expression of NRXN1 and NR2F1 occurred in the intermediate 

progenitor cells in the subventricular zone in the anterior cortex, but there was no co-expression in the 

posterior region. However, NR2F1 was co-expressed with NRXN1 throughout the ventral pallium. 

There was also co-expression in the post-mitotic neurons and intermediate progenitor cells in the 

subventricular zone of the thalamus. NR2F1 exhibited strong expression in the cells of the ventricular 

zone of the thalamus. NR2F1 expression extended throughout the ganglionic eminence, but co-

expression was restricted to the ventricular zone of the ventral lateral ganglionic eminence (vLGE) and 

LGE-like caudal ganglionic eminence (lCGE), while being absent from the dorsal LGE (dLGE) and 

MGE-like CGE (mCGE). Abbreviation: subventricular zone (SVZ); ventricular zone (VZ); thalamus 

(TH); ventral lateral ganglionic eminence (vLGE); lateral caudate ganglionic eminence (lCGE); dorsal 

lateral ganglionic eminence (dLGE); medial caudate ganglionic eminence (mLGE); ventral pallium 

(VP).  Scale bars; 3mm.  
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5.4.3 RNA in situ hybridization and immunohistochemical studies of NRXN1 

expression at 10PCW 

 

At 10 PCW the posterior region, the pattern of NRXN1 expression observed at 8 PCW was 

maintained. It showed stronger expression in the cortical plate of the cortex and lower 

expression in the dorsal and lateral cortical progenitor zones, when compared to the 

compartment of the medial pallium corresponding to the cortical hem (Figure 5.7). Similar to 

the ventral pallium, the cortical hem forms a boundary between the pallium and subcortical 

structures, and consequently, it is intriguing to note high NRXN1 expression in both these 

locations. 

 

In the thalamus, NRXN1 expression proved to be strongest in the postmitotic regions containing 

glutamatergic neurons, although it was also high in the progenitor cells of the epithalamus. In 

the ganglionic eminences, expression was high in the ventricular zone, but not in the sub-

ventricular and post-mitotic regions. NRXN1 mRNA expression was also high in the ventricular 

zone but showed weak expression in the post-mitotic cells in the hypothalamus (Figure 5.7). 

 

Analysis of immunoreactivity for NRXN1 and KI67 (a marker for actively dividing cells) in a 

coronal section of the 10 post-conception week (PCW) posterior region human brain revealed 

intriguing patterns, indicative of their roles in early neurodevelopment. KI67 exhibited only 

isolated co-expression with NRXN1 in the SVZ and VZ in the cortex (Figure 5.8 A), indicating 

that NRXN1 expression was sparse in the dividing cells of the cortex and thalamus, while there 

was relatively strong co-expression of NRXN1 with KI67 in the ganglionic eminences. 

NRXN1 also showed strong expression in the postmitotic neurons as well as in the VZ of the 

cortex and ganglionic eminences (Figure 5.8 B, C). 

 

NRXN1 and PAX6 immunostaining at the same coronal level showed strong co-expression in 

the cells on the apical (ventricular) surface where cell division was taking place (Taverna and 

Huttner, 2010) (Figure 5.9 A, B). Additionally, co-expression was observed in the proliferative 

ganglionic eminences, as was strong expression in the medial ganglionic eminence (MGE), 

when compared with that in the lateral ganglionic eminence (Figure 5.9 C). In addition, there 

was co-expression with NRXN1 in the ventricular zone cells of the thalamus, and in the VZ of 

epithalamus (Epith), emphasizing the potential roles played by cell division and the 

maintenance of progenitor status (Figure 5.9 D). These findings provide valuable insights into 

the coordinated regulation of NRXN1 and PAX6 during neural progenitor proliferation and 
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differentiation, also highlighting their significance in terms of shaping the developing human 

brain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.7. In situ hybridization for NRXN1 mRNA expression in a coronal section at 10 PCW 

posterior region. There was high expression of NRXN1 in the post-mitotic glutamatergic neurons in 

the cortical plate and the VZ in the medial region of cortical hemisphere, and no expression in VZ 

containing progenitor cells. High expression was also noted in the ganglionic eminences in the VZ. 

High expression was present in the postmitotic cells in the mantle zone, but not in the VZ of the 

thalamus, although there was high expression in the dorsal VZ of Prosomere 2 containing the 

epithalamus. It was also highly expressed in the VZ of the hypothalamus but there was weak expression 

in the post-mitotic cells of the Hypothalamus. Abbreviation: cortex (CRX); thalamus (TH); epithalamus 

(Epith); Hypothalamus (hyth); ventricular zone (VZ); subventricular zone (SVZ); dorsal (D); ventral 

(V); medial(M); lateral (L).  Scale bars; 3 mm.  
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Figure 5.8. Double immunofluorescence staining for NRXN1 and the dividing cell marker KI67 

in a coronal section of 10PCW human foetal brain. KI67 showed co-expression with NRXN1 in the 

subventricular zone as well as in ventricular zone of the cortex (A, blue arrow). KI67 showed co-

expression in the proliferative zones of the ganglionic eminences (B, white arrow), and the ventricular 

zone of the thalamus, but only to a very limited extent (C, orange arrow). Abbreviations: Subventricular 

zone (SVZ) ; cortex (CRX); ventricular zone (VZ) ; thalamus (TH) ; ganglionic eminence (GE). Scale 

bars : A, 1 mm ; B–C, 300 μm.  
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Figure 5.9.  Immunofluorescence double labelling for NRXN1 and PAX6 in a coronal section of 

10 PCW human brain. NRXN1 was highly expressed in the postmitotic glutamatergic cells in the 

cortical plate, but showed low expression in the ventricular zone containing progenitor cells. High co-

expression with PAX6 in the proliferative zones of the lateral ganglionic eminences compared with the 

medial ganglionic eminences, and there was co-expression in the ventricular zone of the thalamus and 

the epithalamus. Abbreviations: hypothalamus (HYTH); marginal zone (MZ); subplate (SP); 

intermediate zone (IZ); subventricular zone (SVZ); lateral ganglionic eminences (LGE); medial 

ganglionic eminences (MGE); thalamus (TH); epithalamus (Epith). Scale bars : A, 1 mm ; B–D, 300 μm.  

 

 

5.4.4 NRXN1 immunostaining at 12 PCW 

 

NRXN1 immunoreactivity was evident at 12 PCW in the cortex, in the glutamatergic neurons, 

and also in the progenitor cells in the ventricular zone of the cortex (Figure 5.10 A, B). NRXN1 

was also expressed in the postmitotic cells in the thalamus, with strong expression in the dorsal 

thalamus, which is the putative dorsal lateral geniculate nucleus (Figure 5.10 E). Additionally, 

strong expression was seen in the proliferative zones of the ganglionic eminences (Figure 5.10 

C). High expression was also observed in the cells in the ventricular zone of the thalamus and 

the epithalamus (Figure 5.10 D). Therefore, from these findings we can infer the NRXN1 

protein is expressed in the postmitotic neurons and progenitor cells of the cortex and ganglionic 

eminences, as well as in the thalamus and epithalamus. 
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Figure 5.10. NRXN1 immunostaining in a coronal section of the 12 PCW human brain. NRXN1 

was highly expressed in the glutamatergic neurons in the cortical plate (A, B). It was also expressed in 

the progenitor cells in the ventricular zone of the cortex. Additionally, high expression within the 

progenitor cells in the ganglionic eminences (C), as well as in the ventricular zone cells of the thalamus 

and the epithalamus (D). There was also strong expression in the dorsal thalamus, which is the putative 

lateral geniculate nucleus (E, white star). Abbreviations: epithalamus (Epith); ganglionic eminences 

(GE); cortex (CRX); hypothalamus (hyth); caudate ganglionic eminence (CGE); cortical plate (CP); 

subplate (SP); subventricular zone (SVZ); ventricular zone (vz); lateral geniculate nucleus (LGN). Scale 

bars: A, 1 mm; B-D, 300 μm 
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5.4.5 NRXN1 expression at 14 PCW 

 

When examining sections cut in a ventral posterior to anterior dorsal plane at 14 PCW, 

expression of NRXN1 mRNA was strong throughout the thalamus, but also appeared very 

strong in certain thalamic nuclei, including the lateral geniculate, medial geniculate and the 

pulvinar nuclei. The insitu hybridization and immunofluorescence assays revealed distinct 

expression patterns of NRXN1 mRNA and protein in the human thalamus at 14 PCW (Figure 

5.11 and 5.14). NRXN1 exhibited strong expression in the cells of the ventricular zone, some 

of which were still dividing at this stage, also expressing the radial glia marker GFAP (chapter 

3). Additionally, intense expression was observed in the dorsolateral geniculate nucleus, when 

compared with the ventrolateral geniculate nucleus, as well as in the medial geniculate nucleus 

(Figure 5.11, sections 70-90). Strong expression of NRXN1 mRNA was observed in the 

postmitotic cells in the pulvinar, and also in isolated groups of cells in the midbrain (Figure 

5.11, sections 14-30). In addition, high expression was observed in the post-mitotic neurons in 

the medial and lateral geniculate nuclei (MGN, LGN), the ventroposterolateral nucleus (VPL) 

and the lateral pulvinar, and medial pulvinar (PL, PM) (Figure 5.11 D, section 30). There was 

strong expression in the post-mitotic cells in some thalamic nuclei, which included the putative 

centromedian nucleus, and the anterior nuclei (Figure 5.11 sections 50-70) which are more 

posterior and ventral (C-H). There was also strong expression observed in the lateral geniculate 

nucleus (section 50) and the radial glial cells in the ventricular zone of the thalamus. 

Furthermore, the double labelling of the thalamic tissues revealed a higher co-expression of 

NRXN1 mRNA with GAD67 (Figure 5.12) in the ventroposterior region of the thalamus.  

 

Further, co-expression of NRXN1 mRNA with FOXP2 highlighted the potential interactions 

regulating gene expression and neuronal differentiation within specific thalamic nuclei (Figure 

5.13 A). Co-expression was also identified in the medial part of the thalamus, as well as NRXN1 

highly expressed in the ventricular zone of the thalamus (Figure 5.13 B). We also observed co-

expression centromedian nuclei, as well as in the medial geniculate nucleus (Figure 5.13 C, D). 

Furthermore, NRXN1 immunostaining showed co-expression with FOXP2 in the ventral and 

dorsal lateral geniculate nucleus, in the medial geniculate and in the centromedian nucleus 

(Figure 5.14 A, C section 70). Additionally, limited co-localisation with GAD67 was observed, 

suggesting NRXN1 expression is primarily found in the glutamatergic neurons rather than 

GABAergic neurons in the cortex and thalamus at 16 PCW (Figure 5.15). Additionally, 
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mutations in NRXN1 genes were found to be more likely to have a direct effect upon 

glutamatergic neurons and their synapses than on GABAergic neurons.  

Figure 5.11. NRXN1 mRNA expression in a coronal section at 14 PCW. In sections (A-C, 14, 30). 

Anteriodorsal and ventroposterior (D-J, 50-7-90). NRXN1 exhibited strong expression in the pulvinar 

nucleus, and isolated cells can be seen in the midbrain (A, B). There was also strong expression in 

medial and lateral geniculate nucleus (MGN, LGN) (C-D, 30), ventroposterolateral (VPL) and lateral 

and medial pulvinar (PL, PM). In section (50,70,90) ventroposterior (C-J) strong expression in 

centromedian, and in the anterior nucleus. There was strong expression in lateral geniculate nucleus 

(50), strong expression in the dorsal lateral geniculate nucleus (dLGN) when compared with ventral 

lateral geniculate nucleus (vLGN) (70, 90), as well as in the medial geniculate nucleus (MGN). Scale 

bars: 2 mm.  
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Figure 5.12. NRXN1 mRNA (red) expression combined with GAD67 (green) immunofluorescence 

in the coronal section 14 PCW foetal human thalamus.  NRXN1 mRNA was more strongly expressed 

in the thalamus (TH), and GAD67 in the pretectum and midbrain. However, the high power image 

shows co-expression in some neurons in the more medial parts of the thalamus. Abbreviations: thalamus 

(TH); Scale bars 1 mm; 300 μm.  
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Figure 5.13. In situ hybridization of NRXN1 mRNA expression (red) combined with FOXP2 

immunofluorescence on the human thalamus ventral posterior sections at 14 PCW (A). Co-

expression of NRXN1 and FOXP2 was detected in the medial thalamus (B), and in the centromedian 

thalamus (C), and in specific nuclei, including the medial geniculate nucleus (D), and the isolated cells 

of the lateral geniculate nucleus (D). NRXN1 also exhibited strong expression in the postmitotic 

neurons of the thalamus, and the cells in the ventricular zone. Furthermore, it was found to be strongly 

expressed in certain nuclei located in the midbrain . Abbreviations: thalamus (TH); centromedian (CM); 

lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); ventricular zone (VZ). Scale bars: 

A, 1 mm; B–D, 200 μm.  
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Figure 5.14. Double labelling immunofluorescence FOXP2 (red) combined with NRXN1 (green) 

in the human thalamus posterior dorsal sections at 14 PCW. (A) FOXP2 was detected in some 

thalamic nuclei, and there was also co-expression of FOXP2 and NRXN1 in the medial part of the 

thalamus (B), as well as in the   medial geniculate nucleus and ventral and dorsal lateral geniculate 

nucleus (blue arrow, C), as well as the post-mitotic cells of the thalamus Abbreviations: thalamus (TH); 

centromedian (CM); lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); ventricular 

zone (VZ); dorsal (D); ventral (V). Scale bars; A, 1 mm; B–C, 200 μm.  

 

 

5.4.6  NRXN1 expression at 16 PCW 

 
In the human cortex sections at 16 PCW, the combined immunostaining of the NRXN1 protein 

with GAD67 immunofluorescence revealed a distinct expression pattern. Notably, the NRXN1 

protein did not co-localize strongly with GAD67, which is a marker of GABAergic neurons, 

within the cortex. This suggests NRXN1 expression is primarily limited to the glutamatergic 

neurons in this region. (Figure 5.15). 
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Figure 5.15. Double Immunofluorescence for NRXN1 and GAD67 in human cortex coronal 

sections at 16 PCW.  In the cortex (CRX), NRXN1 protein was not strongly co-expressed with GAD67, 

which is a marker of GABAergic neurons and their processes; thereby suggesting NRXN1 expression 

was largely confined to glutamatergic neurons. Abbreviations: marginal zone (MZ); cortical plate (CP); 

cortex (CRX). Scale bars: 300 μm.  

 

5.4.7  NRXN1 expression at 19 PCW  

 

At 19 PCW, NRXN1 exhibited a variable expression pattern in various regions of the developing 

human forebrain, according to the in situ hybridization assay (Figure 5.16). There was also 

expression in the hippocampus, cortex, thalamus and ganglionic eminences (Figure 5.16 A). In 

the cortex, NRXN1 was expressed in both the cortical plate and the ventricular zone (VZ), 

indicating its involvement in the later stages of cortical neurogenesis, or possibly in gliogenesis 

(Figure 5.16 B). Weak expression was observed in the thalamic ventricular zone, while strong 

expression was detected in postmitotic cells of the thalamus (Th), which points to a role in 

thalamic neuron maturation (Figure 5.16 C). The caudal ganglionic eminence (CGE) also 

showed NRXN1 expression, particularly in the ventricular zone, which is indicative of its 

involvement in the later stages of GABAergic neurogenesis, as well as in the earlier stages of 

development (Figure 5.16 D). These findings highlight the spatial and temporal specificity of 
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NRXN1 expression during mid-foetal brain development, affording insights into its potential 

roles in neurogenesis.  

Figure 5.16 In situ hybridization of NRXN1 mRNA expression in the posterior coronal section at 

19 PCW.  (A) RNAscope in situ hybridization for NRXN1 at 19 PCW shows expression in the medial 

cortex (CRX), thalamus (TH), and caudal ganglionic eminences (CGE) as well as in the hippocampus. 

(B) NRXN1 RNAscope in the lateral cortical wall exhibits strong expression in the outer cortical plate 

and the ventricular zone (VZ); moreover, moderate expression is detected in the subventricular zone 

(SVZ) and expression is weak in the subplate (SP). (C) Strong NRXN1 expression is detected in the 

post-mitotic cells of the thalamus (TH), and weak expression in ventricular zone (VZ). (D) NRXN1 

expression is especially strong in the ventricular zone of the CGE, which contains GABAergic 

neuroprogenitor cells; NRXN1 expression is weak in the post-mitotic cells of the CGE. Abbreviation: 

marginal zone (MZ); cortical plate (CP); cortex (CRX); subplate (SP); ventricular zone (VZ); 

subventricular zone (SVZ); thalamus (TH); caudate ganglionic eminence (CGE).  Scale bars: 1mm; 

300 μm. 
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5.4.8 NRXN1 expression at 21 PCW  

 

The RNAscope analysis at 21 PCW displayed a distinct regional expression pattern for NRXN1 

within the developing human forebrain (Figure 5.17). In the thalamus, NRXN1 expression was 

notably richer in specific thalamic nuclei, such as the pulvinar nucleus (PUL), the lateral 

geniculate nucleus (LGN) and the medial geniculate nucleus (MGN). This implies it has a 

potential role in thalamic circuitry and sensory processing (Figure 5.17 A, C, D). Additionally, 

NRXN1 was expressed in the hippocampus, notably in the pyramidal cell layer, highlighting its 

probable involvement in both hippocampal neuron development and synaptic connectivity 

(Figure 5.17 E). In the hippocampal stratum pyramidale (SP), which contains predominantly 

glutamatergic neurons, there was very high expression per cell compared to the stratum oriens 

(SO), which contains predominantly GABAergic neurons (Figure 5.17 E). In the neocortex, 

NRXN1 expression was highest in the outer layers of the cortical plate (Figure 5.17 B). These 

findings are indicative of its importance in cortical development and neuronal differentiation; 

hence, elucidating the spatial distribution of NRXN1 expression and its potential functional 

implications in the period of late-foetal brain development.  
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Figure 5.17. In situ hybridization of NRXN1 mRNA expression at 21 PCW. (A) coronal section 

showing temporal cortex (Temp CRX), caudal ganglionic eminences (CGE) and certain posterior 

thalamic nuclei (PUL, MGN and LGN). At low magnification, expression was present in both the 

progenitor and postmitotic cell zones and was positively correlated with cell density. However, 

expression appeared especially dense in the hippocampus in the pyramidal cell layer. Higher 

magnification images of the thalamus showed that pulvinar region exhibit strong expression (PUL; B). 

In the neocortex, (B) expression was highest in the outer layers of the cortical plate. A higher cell 

density, with a similar density of staining was observed in the Lateral Geniculate Nucleus (LGN; C) 

and Medial Geniculate Nucleus (MGN; D). However, in the cortical areas the hippocampal stratum 

pyramidale (SP) contained predominantly glutamatergic neurons, and there was very high expression 

per cell compared to the stratum oriens (SO), which contains predominantly GABAergic neurons (E). 

Ca, caudate nucleus; MGN, medial geniculate nucleus; MZ, marginal zone; Ptc, pretectum; SPL, 

subplate. VZ, ventricular zone. Scale bars: A, 1 mm; B–E, 200 μm. 

 



194 
 

5.5 Discussion  

 

Overall, in situ hybridisation for NRXN1 expression has largely confirmed and 

advanced observations made following immunoperoxidase staining for NRXN1 in a previous 

study by Harkin et al. (2017). Transcriptomic data analysis demonstrated that NRXN1 was 

highly expressed in the developing human forebrain in diverse cell types including progenitor 

cells and post-mitotic neurons. Histological experiments also confirmed this, revealing that 

while NRXN1 (mRNA and protein) were strongly expressed by cortical glutamatergic neurons 

and weakly expressed by their progenitors, the opposite was true for the GABAergic cells of 

the ganglionic eminences in the early stages of development, when expression is significantly 

stronger in progenitor cells than in post-mitotic cells. In the diencephalon, NRXN1 was 

determined to be highly prominent in glutamatergic neurons and intermediate progenitor cells, 

and weakly expressed by progenitor cells in the ventricular zone in the early developmental 

stages (8, 10 PCW). At 12-14 PCW, NRXN1 mRNA in the thalamus and epithalamus was 

expressed in quiescent progenitor cells in the ventricular zone and postmitotic neurons. At later 

stages 21 PCW NRXN1 was expressed in the hippocampus predominantly GABAergic 

neurons, predominantly glutamatergic neuron and pyramidal cell layer. Additionally, NRXN1 

expression was notably richer in specific thalamic nuclei 

 

5.5.1  In situ hybridisation versus immunofluorescence 

 

Existing transcriptomic databases suggest NRXN1 is expressed in progenitor cells, 

glutamatergic cells, dividing cells and GABAergic neurons. However, an interesting yet 

confounding result was that NRXN1 mRNA appeared not to be highly expressed in the cortical 

ventricular zone in the cell body, although the NRXN1 protein did appear to be highly 

expressed in the cell body, echoing work by (Harkin et al., 2017). This suggests the possible 

non-specificity of the anti-NRXN1 antibody, the identification of which was one of the initial 

motivations for carrying out the study. However, Sebastian et al. (2023) formerly proposed 

potential roles for NRXN1 in neurogenesis, based on transcriptomic studies of human brain 

organoids derived from iPSCs carrying SCZ-associated NRXN1 deletions. Possibly, NRXN1 

mRNA experiences a high turnover, while the NRXN1 protein has a greater half-life 

(Greenbaum et al., 2003) resulting in higher detection of NRXN1 in immunostaining 

experiments as opposed to in the in situ hybridisation. A further suggestion is that the NRXN1 

protein is expressed in the ventricular zone, but not at the mRNA level initially, due to possible 
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post-transcriptional modifications of the mRNA interfering with probe binding during in situ 

hybridisation (Zhao et al., 2017). At 16PCW, the NRXN1 protein is not co-expressed with 

GABAergic cells in the cortical plate, while in transcriptomic data and in situ hybridization 

studies, NRXN1 mRNA shows co-expression with GAD67 (a marker of GABAergic neurons). 

Thus, the insitu hybridisation results for NRXN1 agree more closely with transcriptomic studies 

than with immunohistochemistry. NRXN1 also appeared to be strongly expressed in the cell 

bodies of some cell groups, but at this stage did not appear in the subplate or marginal zone, 

where synapses are forming. The first possibility is that NRXN1 is subject to post-

transcriptional control, which means that although mRNA is present, translation is delayed until 

later stages of development. It is also possible that the protein is expressed at levels that are 

lower than the detection threshold of the antibodies that are being utilised, or that the antibodies 

themselves do not possess the sensitivity or specificity that is necessary to detect NRXN1 in a 

reliable manner. NRXN1 is a membrane-bound synaptic protein that has the potential to be 

moved away from the cell bodies where mRNA is identified, which results in a limited overlap 

in spatial localisation where the protein is located. Additionally, the protein may be subjected 

to quick degradation, or translation may be strictly regulated in order to coincide with the 

creation of synapses, which has not yet taken place in the subplate or peripheral zone. It is quite 

likely that these circumstances are responsible for the lack of a distinct immunohistochemistry 

signal, despite the fact that robust transcript detection was used. In the later stages of 

development (14, 19, 21 PCW) NRXN1 mRNA was expressed in the postmitotic cells in all the 

nuclei of the thalamus. This suggests NRXN1 is important for thalamic development and that 

potentially mutations in NRXN1 could alter thalamic development resulting in 

neurodevelopmental disorders.  

 

5.5.2 Telencephalic expression 

 

An increase in NRXN1 expression with age was previously reported between 14 PCW and birth 

in the human prefrontal cortex, when measured by qPCR (Jenkins et al., 2016). In addition, 

Harkin et al. (2017) demonstrated, by both tissue RNAseq and qPCR, that NRXN1 was 

expressed, and increased in expression, throughout the cortex from 8-12 PCW. When examined 

at 8-10 PCW, NRXN1 showed a strong expression pattern in the cortical plate (similar to 

(Harkin et al., 2017), where the cortical plate was shown to have the highest expression), as 

well as also in the apical ventricular zone of the cortex. The expression pattern of the NRXN1 

gene was indicated to be high in the post-mitotic cells of the cortical region in the human foetal 
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forebrain, corresponding to (Konopka et al., 2012), and in the apical surface of the ventricular 

zone, as per (Harkin et al., 2017). Therefore, it appears that mutations in NRXN1α in early 

cortical development could trigger subtle alterations in the rates and quantity of neuroblast 

production from the radial glia (Harkin et al., 2017). PAX6 identifies radial glial cells in the 

proliferative ventricular (VZ) and subventricular (SVZ) zones. At 10 PCW, NRXN1 showed 

co-localisation with PAX6 in the proliferative zones, confirming NRXN1 is expressed in the 

radial glial cells as reported by (Harkin et al., 2017). However, expression of NRXN1 in the 

apical ventricular cells was higher in the ganglionic eminences than the cortex. Moreover, it 

was observed in ventral but not dorsal LGE, LGE-like CGE, and MGE (Figure 5.5). This is 

known to be the major site of GABAergic neuron production in the forebrain. Potentially, 

NRXN1 mutations expressed in the progenitor cells of the ganglionic eminences have the 

greatest capacity to cause alterations to the production of cortical interneurons, and neurons of 

the basal ganglia. Alterations to excitatory inhibitory balance have been posited as a major 

cause of neurodevelopmental diseases (Liu et al., 2021). 

 

5.5.3  Thalamic expression 

 

NRXN1 expression at 8 PCW was in the thalamic postmitotic cells in the mantle zone, as well 

as in the subventricular zone, but not in the progenitor cells. NRXN1 expression at 10 PCW 

showed the same pattern as that observed at 8 PCW but was not observed to be expressed in 

the progenitor cells of the ventricular zone (Figure 5.5-5.7). However, in immunofluorescence 

experiments at 10 PCW, NRXN1 showed strong expression in the progenitor cells of the 

ventricular zone (Figure 5.9). At 14 PCW, NRXN1 expression was high, compared to in the 

midbrain and subthalamic structures, in all the thalamic nuclei including pulvinar, lateral 

geniculate, and medial geniculate nuclei, which suggests an important role for NRXN1 in the 

thalamic circuitry establishment, also indicating its universal role in thalamic development. 

High expression was not restricted to specific thalamic nuclei, contrary to our hypothesis that 

NRXN1 might be expressed differentially in higher order thalamic nuclei. There was also 

strong expression in the glutamatergic neurons, certain GABAergic neurons and radial glial 

cells as reported previously (Sebastian et al., 2023). A similar pattern of expression was clear 

at 19 PCW, with stronger expression in the ventricular zone of the thalamus and weaker 

expression in the caudate ganglionic eminences. Indeed, NRXN1 haploinsufficiency in the 

developing forebrain affects glutamatergic and GABAergic neurons, as well as forebrain 

progenitor cells and astroglia (Sebastian et al., 2023). By 21 PCW, the expression of NRXN1 
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was regionalized more distinctly in the thalamic nuclei and was thus also expressed at this stage 

in the pyramidal cell layer of the hippocampus and the cortical plate. Aside from individual 

expression of the NRXN1 gene, the study also unveiled the co-expression of NRXN1 with 

suitable markers, elucidating its association with MKI67 (cell division), PAX6 (progenitor 

cells) in the ventricular zone of the thalamus and the cortex, FOXP2 (postmitotic cells) at 14 

PCW in post-mitotic cells of the thalamus, and at 14 and 16 PCW with GAD67 (GABAergic 

neurons), respectively, emphasizing its multifaceted role in neurodevelopment throughout 

gestation.  

  

5.5.4  Difference in NRXN1 expression between GABAergic and Glutamatergic 

neurons 

The expression pattern confirmed the stronger presence of the NRXN1 gene in the proliferative 

zones in ganglionic eminences harbouring GABAergic neurons. This may also mean that 

NRXN1 has cell-type specific functions in GABAergic neurons and their progenitors, where 

NRXN1 is expressed in more immature states, differing from glutamatergic neurons, where 

NRXN1 is expressed in more mature states. However, according to Sebastian et al. (2023) at 14 

PCW, glutamatergic neurons showed the highest expression of NRXN1, although at 16 PCW, 

both glutamatergic and GABAergic neurons showed the highest quantity of NRXN1-

expressing cells. Based on these results, we can infer that NRXN1 expression affects the 

developmental trajectories of both glutamatergic and GABAergic neurons. 

 

5.5.5 NRXN1 expression in the ventral and medial pallium 

 

The pallium is the dorsal portion of the telencephalon, and is responsible for the development 

of the cerebral cortex in mammals. The pallium is divided into medial, dorsal, lateral and 

ventral segments. The medial pallium corresponds to the early form of the hippocampus, while 

the dorsal pallium gives rise to the neocortex. The lateral pallium is responsible for producing 

the dorsal section of the olfactory cortex, the primary portion of the claustrum, and certain 

nuclei in the amygdala, whereas the ventral pallium gives rise to the ventral olfactory cortex, a 

smaller portion of the claustrum, and a larger portion of the amygdaloid complex (Puelles et 

al., 2000, Puelles, 2001, Medina et al., 2004).  

 



198 
 

We observed that NRXN1 was highly expressed in the ventral pallium at 8 PCW. This was 

confirmed by demonstrating co-expression with NR2F1, which is present in the ventral pallium 

(Alzu’bi et al., 2017). The ventral pallium is a developmental structure, located at the lateral 

edge of the dorsal telencephalon. It transforms into the ventral olfactory cortex, a smaller 

portion of the claustrum, and a larger portion of the amygdaloid complex (Puelles et al., 2000, 

Puelles, 2001, Medina et al., 2004). It produces glutamatergic neurons for these structures, 

becoming a gateway for interneuron precursors migrating laterally from either the medial 

ganglionic eminence or the caudal ganglionic eminence into the cortex (Clowry et al., 2018, 

Alzu'bi et al., 2017). These results suggest that, given its strong expression, NRXN1 is also a 

marker gene for the ventral pallium. We further observed strong NRXN1 expression in the 

cortical hem, which forms the medial boundary between the dorsal and ventral telencephalon.  

 

5.5.6 Regulation of alternative splicing and synapse formation 

 

The interaction between presynaptic NRXNs on developing axons and NLGNs expressed on 

developing dendrites is widely recognized as a method by which to stabilize the postsynaptic 

location and facilitate accumulation of vesicles at the presynaptic site (Graf et al., 2004, Chen 

et al., 2010). Based on research conducted by Bayatti et al. in 2008, it is probable that 

GABAergic synapses exist in the human pSP during this stage of development at 16 PCW 

(Bayatti et al., 2008, McLeod et al., 2023). These findings also indicate that both NRXNα AS4– 

and NRXNβ AS4+ isoforms, and NLGN2, play a role in their formation. According to (Chih 

et al., 2006, Vuong et al., 2016), they may be expressed in the pSP during this developmental 

stage. NRXNα plays a crucial role in the formation of GABAergic synapses, as demonstrated 

in a study using triple Nrxnα knock-out mice, which showed a 50% decrease in the density of 

their cortical GABAergic synapses (Missler et al., 2003). 

 

Our findings, aligning with Harkin et al. (2017) indicate that NRXN1 is not localised to the 

subplate, although they did observe immunoreactivity for NRXN2 in the subplate. 

Additionally, NRXN1 showed low expression in the postmitotic GABAergic neurons in the 

cortex, contrasting with its strong expression in certain areas of the thalamus.  

 

 

 



199 
 

5.5.7 NRXN1 in cell migration 

 

The VZ, SVZ, and IZ cells’ expression of the NRXN protein may signify the protein is essential 

for cell migration from the proliferative zones (Harkin et al., 2017). NRXN expression was 

also higher in the outer region of the CP, which younger neurons migrate to, which contrasts 

with the inner region, in which older cells arise having completed their migration (Bystron et 

al., 2008). Cell adhesion molecules are instrumental in the movement of neurons (Maness and 

Schachner, 2007) and molecules; for instance, cadherins, which are also present at the synapses 

within the developed nervous system, being considered essential for the migration process 

(Redies et al., 2012). Undoubtedly, the mutation of cntnap2, a gene associated with autism, 

which is similar in structure to NRXNs causes the atypical migration of neurons in transgenic 

mice. This affects both cortical projection neurons and interneurons, resulting in epilepsy and 

behavioural deficits that resemble autism (Peñagarikano et al., 2011). NRXNs may also 

potentially play as yet undiscovered roles in cell migration and neurite outgrowth.  

 

5.5.8 NRXN Mutations and Neurodevelopmental Disorders  

 

Genetic studies of neurodevelopmental conditions have shown the majority of mutations affect 

NRXN1α expression and not NRXN1β (Reichelt et al. 2012). NRXN1 was expressed in 

substantial amounts in the developing cortex, with a higher proportion likely to be expressed 

in the α form; especially at 9 PCW, where protein expression arises in the VZ (Harkin et al., 

2017). Consequently, mutations in NRXN1α during the early stages of cortical development 

can bring about minor changes in the rates and quantities of neuroblast formation from radial 

glia. 

 

The significance of NRXN1 in neurodevelopment is emphasized by its elevated expression 

throughout the process of foetal cortical development, and is controlled by genetic risk single 

nucleotide polymorphisms (SNPs) (Jaffe et al., 2018, Hu et al., 2019). The co-expression of 

NRXN1 with synaptic and cell signalling genes, including established schizophrenia 

candidates, suggests it may have a potential impact on risk of schizophrenia (Mozhui et al., 

2011). The combined results emphasise the importance of NRXN1 in schizophrenia, 

highlighting its potential as a therapy target. It has also been considered important relative to 

ASD, since (Feng et al., 2006) reported a correlation between NRXN1 and ASD through 

candidate gene investigations, by examining the three β-neurexin genes in both ASD patients 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5654756/#bhw394C84
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and controls. Through this analysis, they identified two missense mutations connecting 

NRXN1 with ASD. These mutations were identified relative to the established neuronal role 

played by β-neurexins (Feng et al., 2006). Following initial reports, subsequent investigations 

revealed additional genetic abnormalities present in NRXN1, suggesting it increases the 

probability of ASD (Williams et al., 2019). 

 

5.6 Concluding remarks 

 

Our findings suggest NRXN1 is involved in the development of the human forebrain, and we 

have detailed the expression patterns at different stages of the development of the human foetal 

forebrain. NRXN1 is also expressed in the earliest stages of human cortical development, 

showing distinct expression patterns. These findings could potentially pave the way for future 

diagnostic and therapeutic approaches to targeting neurodevelopmental disorders involving 

NRXN1. Future functional experiments should therefore be designed to probe the potential roles 

of NRXN1 in cell migration and axon guidance, axon outgrowth, regulation of neuronal 

proliferation, and early development of subplate circuitry.  
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6 Chapter 6: FEZ1 expression in the developing human forebrain 

 

6.1 Introduction 

FEZ1 has been directly linked to schizophrenia susceptibility by gene association studies 

(Yamada et al., 2004, Tang et al., 2017), however this finding has also been unsuccessfully 

replicated (Hodgkinson et al., 2007, Koga et al., 2007, Nicodemus et al., 2010). It is mainly 

expressed in the brain, and it is thought that suppression of FEZ1 expression in cultured 

embryonic neurons causes deficiency of neuronal differentiation (Maturana et al., 2010). Mice 

lacking FEZ1 move more quickly and are more sensitive to psychostimulants (Sakae et al., 

2008). FEZ2 may partially compensate for FEZ1 deficit, which could explain why there didn't 

seem to be any discernible impact on brain morphology or performance on a battery of 

cognitive tests (Maturana et al., 2010). Nonetheless, its expression has been demonstrated to 

be diminished in the post-mortem brains of individuals with schizophrenia, associated with 

mutations in DISC1 (Disrupted in Schizophrenia 1) (Lipska et al., 2006) and the peripheral 

blood of schizophrenia sufferers (Vachev et al., 2015). In addition, HDAC11 is a schizophrenia 

susceptibility gene (Kebir et al., 2014) the knock down of which downregulates expression of 

FEZ1, as shown by (Bryant et al., 2017). Kang et al. (2011) demonstrated there was no 

significant direct correlation identified between variations in the FEZ1 gene and schizophrenia 

risk; however, an epistatic interaction was observed, indicating that individuals with a FEZ1 

mutation exhibit approximately a 2.5-fold increased risk for schizophrenia, but only when in 

conjunction with a mutant DISC1 background. Significantly, FEZ1-deficient stem cell-derived 

human motoneurons exhibit considerable developmental impairments in axon growth and 

synapse formation in vitro (Kang et al., 2011). Gunaseelan et al. (2021) indicated that human 

neurones may exhibit distinct responses compared to rat neurones in cases of FEZ1 

deficiencies. Recent investigations have shown that FEZ1 expression is activated early in 

human brain development, and that in the absence of FEZ1, neuroprogenitors exhibit ectopic 

localisation and cortical layer formation is disrupted(Gunaseelan et al., 2021).  

FEZ1's primary function is as a Kinesin-1 adapter protein. Kinesin-1 is a motor protein that 

attaches to microtubules and facilitates the transport of protein complexes or organelles along 

cellular extensions (Figure 6.1) (Hirokawa and Noda, 2008). Adaptor proteins, including FEZ1, 

control these transport mechanisms by modifying and guiding the transport of particular 

payloads (Hirokawa et al., 2009). FEZ1 has been shown to participate in the transport of various 

SNARE complexes related to axon growth and associated proteins, such as syntaxin-1, 
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SNAP25, synaptotagmin, and GAP43, as well as others recognised as candidates for 

neurodevelopmental disease susceptibility, including neurexins, STXBP1, and DISC1 (Figure 

6.2) (Toda et al., 2008, Kang et al., 2011, Chua et al., 2012, Butkevich et al., 2016, Razar et al., 

2022). FEZ1 initiates distinct interactions with the Netrin-1 receptor, which is absent in 

Colorectal Cancer, and the Semaphorin-3A receptor complex within the growth cone. 

Consequently, it may function downstream of guidance cues to modulate axon and dendrite 

outgrowth by directing the transport of cargoes, facilitating process expansion through 

exocytosis involving SNARE proteins (Cotrufo et al., 2011, Chua et al., 2021). It is evident 

that changes in FEZ1 function may interfere with the development and maintenance of axons 

and dendrites as well as synaptic networks. Nonetheless, FEZ1 is also localised in the nucleus 

and engages with several transcriptional regulators. (Teixeira et al., 2019). For instance, FEZ1 

interacts with short coiled proteins (SCOC), associated with axon development and autophagy 

(Toda et al., 2008, McKnight et al., 2012, Qinlin et al., 2022), and appears to play a role in 

induction of expression of the neural transcription factor SOX2 (Figure 6.2 A). (Papanayotou 

et al., 2008). FEZ1 has been shown to interact with the retinoic acid receptor, and in the 

presence of retinoic acid, it induces a significant upregulation of the transcription factor 

HOXB4 (Bertini Teixeira et al., 2018). FEZ1 may significantly influence the transcriptional 

regulation of neurones and their progenitors (Figure 6.2 B). 

Therefore, it is hypothesized that mutations in FEZ1 or its interacting partners may contribute 

to the manifestation of neurodevelopmental diseases by disturbing the early trajectory of 

forebrain development through the disruption of axon/dendrite outgrowth and early synapse 

formation, also possibly altering the gene expression programs that control cell phenotype 

specification. To test these hypotheses, it is first necessary to establish the expression of FEZ1 

in development; identifying key regions, cell types and developmental time points. In the 

present study, we have combined data mined from gene expression databases with histological 

investigations using human tissue samples to describe FEZ1 mRNA and protein expression in 

the developing forebrain. 

Please note that some of the data presented in this chapter has been published (Alhesain et al., 

2023). 
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Figure 6.1 FEZ proteins cytoplasmic function as transport bivalent adaptors. Interacts with various 

proteins whose roles range from intracellular transport systems to transcription regulation. Work as 

adaptor protein by binding the kinase and cargo, involved in the transport process of SNARE 

components, MUNC18 or syntaxin  (Teixeira et al., 2019).  
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Figure 6.2 FEZ proteins serve a nuclear function as a scaffold between nuclear receptors (retinoic 

acid receptor) and transcriptional machinery. (A) work as transcription machinery factor of the 

neural transcription factor (SOX2, wnt8, egr1). (B) FEZ proteins serve a nuclear function as scaffold to 

binds transcriptional machinery and retinoic acid receptors in transcriptional regulation. DBD: DNA 

binding domain; LBD: Ligand binding domain; RARE: Retinoic acid response element; RA: Retinoic 

acid (Teixeira et al., 2019). 
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6.2 Aim of study  

Our primary aim in this study was to examine the expression of FEZ1 in the developing human 

ventral telencephalon and thalamus. To collect confirmatory evidence for cell types expressing 

FEZ1 we performed an RNAscope in situ hybridization combined with immunohistochemistry 

to identify different cell markers. Additionally, we examined how FEZ1 protein is expressed in 

fasciculating thalamocortical axons. The range of brain areas and stages of development were 

also expanded to take in the ventral telencephalon and thalamus from 8 PCW up to 21 PCW. 

Tissue and Single-cell RNAseq databases were also consulted. By understanding when, where 

and in which cell types FEZ1 is expressed during development, it may be possible to clarify 

the mechanisms by which mutations in this gene lead to neurodevelopmental disorders.  

 

6.3 Methods: 

All the methods employed, including single and double-labelling immunofluorescence and 

RNAscope in situ hybridization with immunofluorescence, are described in detail in Chapter2.  

 

6.4 Results 

6.4.1 FEZ1 transcriptomics in the human forebrain 

A number of databases were consulted to provide information on FEZ1 expression, including 

whole tissue and single cell RNA sequencing (scRNAseq).  

Using data deposited at www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-4840 (Lindsay et 

al., 2016), 138 samples of cortical tissue taken at ages ranging from 7.5 to 17 PCW, and from 

various positions along the anterior posterior axis of the cortex including the temporal lobe 

were analysed for tissue RNAseq; no statistically significant difference in expression was 

observed between the cortical regions. (Figure 6.3A). As shown in (Figure 6.3 B), FEZ1 was 

highly expressed from the beginning of cortical plate formation (7.5 PCW) until the latest 

developmental stage studied, and expression increased significantly with age. We found all 

samples expression levels were in the top quartile for protein coding genes (> 40 normalized 

RPKM), and samples expression levels were in the top 5% of protein coding genes (> 160 

normalized RPKM) (Figure 6.3 B). This suggests a crucial role is played by FEZ1 in cortical 

development, and this might be predominantly expressed in post-mitotic cells, which increase 

with age as a proportion of the cell population in the cortical wall. This suggests FEZ1 does 

not play a role in cortical arealisation, or not along the anterior to posterior axis at least. 
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Figure 6.3. FEZ1 gene expression in the cortex across development. (A) Normalized RPKM for 138 

cortical samples of varying ages plotted against their location on the anterior to temporal axis with 0 

corresponding to the anterior pole of the cortex, 5 to the posterior pole and 7 to the Temporal pole 

(Miller et al., 2014). (B) Normalized RPKM values for 138 cortical samples taken from various cortical 

locations, plotted against age (PCW), showing a linear relationship between increasing expression of 

FEZ1 and age. The expression of FEZ1 some ages expressed in the top 5% (more than 160 RPKM) and 

some of them in the top of 25% (more than 40 RPKM). 
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The cortical development expression viewer (CoDEx)2, a scRNAseq database, was searched 

to explore the cell type specificity of FEZ1 expression further. This dataset provided 

information on expression from human cortical tissue samples at 17/18 PCW (Polioudakis et 

al., 2019). As shown in (Figure 6.4 A), FEZ1 was ubiquitously expressed in a high proportion 

of cells, including glutamatergic and GABAergic neurons, and subtypes of progenitor cells. 

Expression was consistently highest in more mature glutamatergic neurons (subplate and lower 

cortical plate), lower in the dividing progenitor cells compared to quiescent progenitors, and 

lowest in cells of non-neuroectodermal origin (such as microglia, pericytes and endothelial 

cells). Expression levels were highly variable in many of the cell types examined. 

Altered development of thalamocortical circuits has previously been strongly implicated in 

schizophrenia (Jiang et al., 2021). Thus, cell specific expression in the thalamus was explored 

using data from an 16 PCW human thalamus sample deposited at NEMO Analytics (Orvis et 

al., 2021). UMAP plots were constructed for FEZ1 and markers of various cell phenotypes 

(Chapter 3), revealing that FEZ1 is also widely expressed in the thalamus, co-localizing with 

both glutamatergic and GABAergic neurons, as well as progenitor cells and astrocytes (Figure 

6.4 B).  

Taken together, it appears that FEZ1 is expressed by neurons maturing in distinct locations in 

the cortex and the thalamus, where it may play a role in axon, dendrite and synapse formation, 

but is also widely expressed in progenitor cells, where it may regulate transcriptional programs, 

but possibly also play a role in the extension of radial glial fibres. 
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Figure 6.4. FEZ1 expression: transcriptomic analysis. (A) Single cell RNAseq data for cerebral 

cortex at 17/18 PCW taken from solo.bmap.ucla.edu/shiny/webapp/. (1) t-distributed stochastic 

neighbour embedding (t-SNE) map and accompanying bar charts revealed FEZ1 is ubiquitously 

expressed in neuroectoderm derived cell types, but especially in more mature excitatory (glutamatergic) 

neurons, less mature GABAergic neurons (CGE and MGE) and non-dividing radial glia. Expression 

was lower in dividing progenitor cells and the more mature GABAergic neurons (interneurons). (2) 

shows the type of cell in each layer of the cortex. (3) shows levels of FEZ1 expression in each cell type 

in the cortex.  (B) Single cell RNA data for the thalamus at 16 PCW was taken from NEMO Analytics. 

(1) shows cell clustering in the thalamus. (2) UMAP maps generated for FEZ1, and a marker for 

progenitor cells, GABAergic neurons and glutamatergic neurons revealed FEZ1 was also ubiquitously 

expressed in the thalamus at this stage of development. 

 

 

 



209 
 

6.4.2 RNAscope in situ hybridization and immunohistochemical studies of 

FEZ1/FEZ1 expression at 8-10 PCW 

 
In the cerebral cortex at 8 PCW, just after the onset of cortical plate formation, the expression 

of both the FEZ1 mRNA and FEZ1 protein was highest in the postmitotic neurons of the 

subplate (SP) and cortical plate, but expression was detectable in progenitor cells containing 

ventricular and subventricular zones VZ and SVZ (Figure 6.5 A, B). However, in the progenitor 

zones of the diencephalon and in the proliferative ganglionic eminences (GE) and (Figure 6.5 

C, D), expression is higher than in sub-cortical postmitotic neurons. This dichotomy is 

maintained at 10 PCW (Figure 6.6 A, D). Interestingly FEZ1 mRNA expression in dorsal and 

lateral cortical progenitor zones appeared to have decreased compared to medial zones, 

although this was not supported by the immunohistochemical detection of FEZ1 protein 

expression (not shown). FEZ1 at 10 PCW was not expressed in the proliferative zone in the 

lateral ganglionic eminence (Figure 6.6 B). Protein expression was also higher in neurons 

(identified by doublecortin immunoreactivity) and was settled in the cortical plate compared to 

those migrating through the subplate and intermediate zone, suggesting there is no FEZ1 

expression in DCX+ migrating neurons and the neurites found in these locations (Figure 6.7A). 

FEZ1 mRNA was strongly co-localised with TBR1, which is a marker for postmitotic 

glutamatergic neurons, but was also expressed in non-TBR1 positive cells in the VZ and SVZ, 

presumably progenitor cells (Figure 6.7 B). The transcriptomics studies (Figure 6.4) suggested 

actively dividing cortical cells show low levels of FEZ1 expression. Immunohistological 

evidence suggested that while putative dividing of KI67+ progenitors in the SVZ reveals little 

evidence of FEZ1 co-expression, ventricular zone radial glial cells with cell bodies located at 

the apical surface where they undergo mitosis (Taverna and Huttner, 2010) strongly co-express 

these proteins (Figure 6.7 C, Figure 6.8).  
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Figure 6.5. In situ hybridization of FEZ1 expression at 8 PCW. (A) Sagittal section (8 PCW) shows 

FEZ1 mRNA expression throughout the forebrain, and this is strongest in the ganglionic eminences and 

proliferative zones of the thalamus (counterstained with toluidine blue TB). (B) shows the dorsal 

neocortex at higher magnification. FEZ1 expression was highest on the cortical plate, and there was 

moderate expression in the intermediate zone (IZ), ventricular and subventricular zones (VZ and SVZ). 

(C) shows FEZ1 mRNA expression in the thalamus, strong expression in the proliferative zone and in 

postmitotic cells. (D) illustrates FEZ1 expression in the ganglionic eminence, highly expressed in 

proliferative zone and in post mitotic cells. Abbreviations: anterior (Ant); posterior (Pos); thalamus 

(TH); ganglionic eminence (GE); cortex (CRX). Scale bars: A, 1 mm; B-D, 200 μm. 
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Figure 6.6. In situ hybridization of FEZ1 expression at 8 PCW. (A) Coronal section (10 PCW) 

confirms the continued expression of FEZ1 at this developmental stage, and the alternate pattern of 

stronger post-mitotic neuron expression in the cortex, and stronger progenitor zone expression in the 

ganglionic eminences and thalamus. (B) FEZ1 was strongly expressed in the cortical plate, but weak 

expression was observed in the subventricular zone and in the ventricular zone of the cortex. (C) 

thalamus marks the location of higher magnification panels, showing strong expression in the 

ventricular zone and weak expression in the mantle zone. (D) Highly expressed in the postmitotic and 

ventricular zone of the ganglionic eminence but weak expression in the ventricular zone of the medial 

side of the ganglionic eminence. Abbreviations: cortex (CRX); subventricular zone (SVZ); ventricular 

zone (VZ); ganglionic eminences (GE); thalamus (TH); cortical plate (CP); subplate (SP); 

hypothalamus (HYth). Scale bars A,1 mm; B-D, 200 μm. 
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Figure 6.7. FEZ1 expression; protein and RNAscope 8-10 PCW. (A) Double immunofluorescence 

staining for the FEZ1 protein and the immature neuron marker doublecortin (DCX). FEZ1 was strongly 

expressed in the CP and also in the VZ and SVZ. There was also co-expression (yellow) with DCX in 

the CP, but not in the marginal zone, presubplate or the intermediate zone. (B) Fluorescent 

RNAscope/immunofluorescence staining for FEZ1 and the postmitotic neuron marker TBR1 shows 

strongest co-expression. (C) Double immunofluorescence staining for FEZ1 and cell division marker 

KI67. Strong co-expression (yellow) was seen in the cells on the apical (ventricular) surface, but there 

was minimal co-expression in the subventricular zone. Abbreviations: marginal zone (MZ); cortical 

plate (CP); presubplate (pSP); intermediate zone (IZ); subventricular zone (SVZ); ventricular zone 

(VZ). Scale bars A, B, C 300 μm. 
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Figure 6.8.  Immunofluorescence double labelling for FEZ1 and KI67 in a coronal section of 10 

PCW human brain. FEZ1 was highly co-expressed in the ventricular zone in the cortex. High co-

expression with KI67 in the proliferative zones of the ganglionic eminences (GE), co-expression in the 

ventricular zone of the thalamus and epithalamus. Abbreviations: epithalamus (Epith); cortex (CRX); 

ganglionic eminences (GE); thalamus (TH); hypothalamus (Hypth). Scale bars: (A) 1 mm, (B,C) 

300 μm.  
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6.4.3  FEZ1 immunostaining at 12PCW 

FEZ1 immunoreactivity was shown at 12 PCW in the cortex and the glutamatergic neurons, as 

well as in the progenitor cells in the ventricular zone of the cortex (Figure 6.9). FEZ1 was also 

expressed in the postmitotic cells present in the thalamus. Additionally, strong expression was 

evident in the proliferative zones of the ganglionic eminences and the postmitotic cells. High 

expression was evident in the cells in the ventricular zone of the thalamus, as well as in the 

epithalamus. Therefore, based on these findings, we can infer the FEZ1 protein is expressed in 

the post-mitotic neurons and progenitor cells in the cortex and ganglionic eminences, as well 

as in the thalamus and epithalamus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. FEZ1 immunostaining in a coronal section of the 12 PCW human brain. FEZ1 was 

highly expressed in the glutamatergic neurons in the cortical plate (A, B). It was also expressed in the 

progenitor cells in the ventricular zone of the cortex (CRX). Additionally, there was high expression 

within the progenitor cells in the ganglionic eminences (GE), as well as in the VZ cells of the thalamus 

and of epithalamus. Abbreviations: epithalamus (Epith); cortex (CRX); ganglionic eminences (GE); 

thalamus (TH); hypothalamus (Hypth); cortical plate (cp); ventricular zone (vz). Scale bars; 1 mm. 
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6.4.4 FEZ1 mRNA expression in a coronal section at 14PCW.  

In Figure 6.10, the double labelling of the thalamic tissues revealed higher co-expression of 

FEZ1 mRNA with GAD67 in the dorsoposterior region of the thalamus. Meanwhile, FEZ1 

showed strong expression in the LGN, MGN, VPL, PL and PM. Also, in the Ha and pretectum 

(pTC).  

 

 

 

Figure 6.10. FEZ1 mRNA expression combined with GAD67 immunofluorescence in the coronal 

section of the foetal human thalamus at 14 PCW. FEZ1 was more strongly expressed in the thalamus, 

and GAD67 in the midbrain. However, the high power image shows co-expression in some neurons in 

the more lateral parts of the thalamus (white arrow). Abbreviations: lateral geniculate nucleus (LGN), 

medial geniculate nucleus (MGN), ventroposterolateral (VPL) and lateral and medial pulvinar (PL, 

PM); pretectum (pTc); habenula (Ha) Scale bars 1 mm; 300 μm.  
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6.4.5 FEZ1 protein expression with double labelling at 16 PCW 

 

We explored the apparent reduced expression of FEZ1 by the GABAergic neurons by 

examining co-expression of GAD67 and FEZ1 by immunohistochemistry at 16 PCW. The 

reticular nucleus of the thalamus, which upon maturation comprises a sheet of GABAergic 

neurons surrounding the dorsal and lateral portions of the thalamus, showed high expression 

of GAD67, as expected, but little expression of FEZ1 (Figure 6.11). As demonstrated, there 

was a gradient of expression of GAD67 from the ventral and lateral to dorsal portions of the 

thalamus (Figure 6.11 A, B). Many FEZ1+ cell bodies were intermingled with GAD67+ cells 

in the more ventral parts of the thalamus, but there was little evidence of co-expression. This 

suggests thalamic post-mitotic thalamic glutamatergic neurons express FEZ1 at this stage of 

development. It also reveals potential pathways for the migration of GABAergic neurons into 

the thalamus from the prethalamus (precursor of the reticular nucleus) and the subthalamic 

midbrain regions at this stage of development. In other areas of high GABAergic cell density, 

such as the nascent basal ganglia, GAD67 immunoreactivity was high, although FEZ1 

expression was relatively low. FEZ1 expression remained high in the adjacent subpallial 

GABAergic neuroprogenitor zones (Figure 6.11 C). 

By 16 PCW, GABAergic neurons had increased in the cortex, having largely migrated there 

from the ganglionic eminences (Ma et al., 2013, Alzu'bi and Clowry, 2019). The majority of 

cortical GAD67+ neurons showed no double labelling for FEZ1 at 16 PCW, whether in or near 

the marginal zone, which is a major pathway for migrating GABAergic neurons at this stage 

of development (Zecevic and Rakic, 2001, Meyer and González-Gómez, 2018). Some small 

double-labelled cells were observed predominantly near or close to the MZ (Figure 6.11 D). 

These may be the small calretinin positive GABAergic interneurons previously described 

elsewhere (Meyer and González-Gómez, 2018, Alzu’bi and Clowry, 2020). 
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Figure 6.11. FEZ1/GAD67 immunofluorescence at 16 PCW. Coronal section showing temporal 

cortex, basal ganglia and thalamus (A). FEZ1 protein expression was seen throughout the section, 

GAD67 expression was strongest in the thalamic reticular nucleus and the subthalamic regions. FEZ1 

was also moderately expressed in the putamen, caudate, ventral regions of the thalamus and cortical 

ventricular zone extending away from the caudal ganglionic eminence towards the hippocampal 

formation. (B) Close up of the boundary between the thalamic reticular nucleus and the latero-ventral 

part of the thalamus. In both locations there was little evidence of the co-expression of both markers in 

the same cell, although a higher proportion of red FEZ1+ cells can be seen in the thalamus. Also evident 

were bundles of FEZ1 positive axons (*), which are putative thalamocortical fibres. (C) A higher 

magnification image of the caudal ganglionic eminence (progenitor zone for basal ganglia and 

GABAergic cortical neurons) and the caudate nucleus (containing predominantly GABAergic neurons), 

illustrating how GABAergic neuron progenitors strongly expressed FEZ1 (red); whereas post-mitotic 

GAD67+ neurons (green) did not express FEZ1. Likewise, in the cortex (D) in the cortical plate 

GAD67+/FEZ1+ neurons were rare, although isolated examples of double labelled cells were seen close 

to the border with the marginal zone (asterisks). Abbreviations: dorsal (Dor); internal capsule (IC); 

ventral (Ven); caudal ganglionic eminence (CGE); thalamic reticular nucleus (Re); putamen (Put); 

caudate (Ca); thalamus (Thal); temporal cortex (Temp Crtx); marginal zone (MZ); cortical plate (CP). 

Scale bars A, 1 mm; B, C, 200 μm; D, 100 μm. 

 

 

 

 

 

 

 

 



218 
 

 

Relatively low FEZ1 expression in the subplate contrasted with stronger expression of both the 

growing axon marker GAP43 and FEZ1 in the cells of the cortical plate, and immunoreactivity 

in the inner fibre layer was less than in the ventricular zone (Figure 6.12). Double labelling for 

GAP43 and FEZ1 demonstrated a concentration of FEZ1 in selected axon pathways at 14 and 

16 PCW. In the internal capsule at 16 PCW, FEZ1 was expressed by what appeared to be 

thalamocortical axons, whereas the adjacent corticofugal axons were GAP43+ only. We 

interpret this as showing that FEZ1 is selectively expressed by thalamocortical axons; although, 

more strongly in fasciculated axons proximal to the thalamus, than in the distal terminal 

branches in the subplate. FEZ1 expression is stronger in the cell bodies of glutamatergic 

neurons of the cortical plate than in the growing corticofugal axons in the internal capsule. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. Double immunofluorescence for FEZ1 and GAP43; coronal section 16 PCW. GAP43 

principally marks growing axons (Benowitz and Routtenberg, 1997) in the internal capsule (IC) FEZ1 

and GAP43 marked different bundles of axons, suggesting FEZ1 may be expressed in fasciculating 

thalamocortical axons and GAP43 in growing corticofugal axons. FEZ1 was also strongly expressed in 

the proliferative medial and ventral caudal ganglionic eminences. Abbreviations: medial caudal 

ganglionic eminences (mCGE); ventral caudal ganglionic eminences (vCGE); lateral caudal ganglionic 

eminences (lCGE); Thalamus (TH); Cortex (CRX); Hippocampus (HC); Internal capsule (IC). Scale 

bar 1mm.   
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6.4.6 FEZ1 expression at 19 PCW 

FEZ1 protein expression in the later developmental stages was not confined to neuronal cell 

bodies, but showed selective enrichment in certain axon pathways. For instance, strong 

expression was observed in the fornix and certain callosal axons at 19 PCW (Figure 6.13) but 

in the lateral cortical cortex, expression in the cortical intermediate zone, where large numbers 

of growing axons are found, was weak. 

 

 

 Figure 6.13. FEZ1 expression in axons At 19 PCW. (A) Posterior coronal section immunoperoxidase 

stained for FEZ1 at 19 PCW, containing medial cortex, thalamus (Thal) and caudal ganglionic eminence 

(CGE). The hippocampal cortex is evident and axons in the fornix (F) are strongly immunoreactive. 

Axons in the corpus callosum (C; CC) are also strongly positive, as is the CGE, which contains 

GABAergic neuroprogenitor cells. (B) FEZ1 immunoreactivity in the lateral cortical wall; strong in the 

outer cortical plate and ventricular zone (VZ) moderate in the inner fibre layer (IFL) outer 

subventricular zone (oSVZ) and subplate (SP) and weak in the axon rich intermediate zone (IZ). 

Abbreviations: Thalmus (Thal); Caudate ganglionic eminence (CGE); lateral ventricle (LV); corpus 

callosum (CC); dentate gyrus (DG); ventricular zone (VZ); inner fiber layer (IFL); outer subventricular 

zone (oSVZ); subplate (SP); intermediate zone (IZ); cortical plate (CP). Scale bar:1mm; 300μm. 
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6.4.7 FEZ1 mRNA expression at 21 PCW 

 
Expression appeared strong in the cortical plate right up to the oldest stage studied (21 PCW; 

Figure 6.14 A, E), particularly in the pyramidal layer of the hippocampus (Figure 6.14 D). 

Expression in the cortical plate was strongest at the boundary between the cortical plate and 

the marginal zone. This may partially reflect a higher density of cells at this location, but also 

reflects higher levels of expression per individual cell. These neurons are the most recent cells 

to have stopped migrating to the cortical plate at this stage, and this may suggest a role for 

FEZ1 in cell migration. This expression pattern has previously been observed for neurexins 

(Harkin et al., 2017, Ding et al., 2022), the intracellular transport of which is a mooted role for 

FEZ1 (see introduction). Intense expression of FEZ1 by glutamatergic pyramidal neurons was 

a feature of the hippocampus; however, there was low expression in the stratum oriens, which 

contains predominantly GABAergic neurons of various phenotypes (Figure 6.14 A) (Freund 

and Buzsáki, 1996). Similarly, the caudal ganglionic eminence, containing GABAergic 

progenitor cells, showed relatively high expression compared to the overlying caudate nucleus, 

which is principally composed of post-mitotic GABAergic neurons. Relatively high levels of 

expression of FEZ1 were still observed in the cortical VZ and SVZ, although by this stage 

neurogenesis is ending and gliogenesis beginning (Cadwell et al., 2019). The VZ evidenced 

reduced levels of cell division at this stage (Nowakowski et al., 2016). 

FEZ1 mRNA expression was maintained in the forebrain throughout the period of 

development, and this increased in the post-mitotic glutamatergic neurons of the thalamus. 

Different levels of expression were observed in different thalamic nuclei, with the lateral 

geniculate nucleus (LGN) showing higher levels of expression than the pulvinar (Figure 6.14 

A, C). However, this at least partially reflects a higher cell density in the LGN. Nevertheless, 

distinct thalamic nuclei are identifiable at this age, differing from the earlier stages of 

development shown in Figure 6.5 and 6.6. 
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Figure 6.14. FEZ1 expression: RNAscope at 21 PCW. (A) Coronal section showing temporal cortex, 

caudal ganglionic eminence and thalamus (Pulv, MGN and LGN). At low magnification, expression 

was present in both progenitor and postmitotic cell, and was positively correlated with cell density. 

However, expression appeared particularly dense in the hippocampus in the pyramidal cell layer. Higher 

magnification images of thalamus showed that the pulvinar region (pulv; B) has a lower cell density but 

similar density of staining per cell compared to the Lateral Geniculate Nucleus (LGN; C). However, in 

cortical areas the hippocampal stratum pyramidalis which contains predominantly glutamatergic 

neurons there was very high expression per cell compared to the stratum oriens which contains 

predominantly GABAergic neurons (D). In the neocortex (E), expression was highest in the outer layers 

of the cortical plate. Abbreviations: temporal cortex (Temp Crtx); caudal ganglionic eminence (CGE); 

lateral geniculate nucleus (LGN); medial geniculate nucleus (MGN); pulvinar (pulv); pretectum (Ptc); 

hippocampus (Hipp); subplate (SPL); Lateral Geniculate Nucleus (LGN); ventricular zone (VZ); 

stratum oriens (SO); stratum pyramidalis (SP); Scale bars; A, 1 mm; B–E, 200 μm. 
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6.5  Discussion 

 
Transcriptomic analysis indicated that FEZ1 is significantly expressed in several cell types 

within the developing human forebrain, encompassing progenitor cells and post-mitotic 

neurones. Histological investigations have substantiated this finding, demonstrating that FEZ1 

is prominently expressed in cortical glutamatergic neurones and minimally expressed in their 

progenitors. Conversely, in the ventral telencephalon and diencephalon during early 

developmental stages, expression is significantly greater in progenitor cells compared to post-

mitotic cells. FEZ1 is primarily suggested to function in axon outgrowth. FEZ1 was 

prominently expressed in the cell bodies of certain neuronal groups and in the axons of other 

neurones. This indicates that FEZ1 has delineated roles specific to certain cell types in 

development. Our transcriptomic analysis strongly suggested FEZ1 expression is closely 

coupled to the expression of genes associated with the SNARE complex and implicated in 

neurodevelopmental disorders (Figure 6.15). FEZ1 may play a significant role in transporting 

proteins, such as NRXN1 (Chapter 5) and STXBP1, to sites of exocytosis in the developing 

cortex (Figure 6.1). SNARE mediated exocytosis is not only significant in early synapse 

function, disruption of which could alter the forebrain’s developmental trajectory (Molnár et 

al., 2020a), but also in adding plasma membrane to growing neurites at growth cones (Urbina 

and Gupton, 2020), another vital process intrinsic to early development. FEZ1 mRNA in 

humans is highly expressed in the brain; specifically in the thalamus and hippocampus 

(Gunaseelan et al., 2021). Recent studies using human cerebral organoids have highlighted the 

involvement of FEZ1 in early cortical brain development, noting that FEZ1 is detectable in 

both neuroprogenitor subtypes and immature neurons, and that FEZ1 deletion interferes with 

the expression of genes present in neuronal and synaptic development (Qu et al., 2023).  

 

 

 

 

 

 

 



223 
 

 

 

Figure 6.15.  Whole tissue RNAseq performed on 138 cortical samples at various developmental 

stages (PCW). Expression levels given as normalised RPKM. Expression of FEZ1 was shown to 

increase significantly with age, and was highly correlated with the expression of both NRXN1 and 

STXBP1. Single cell RNAseq data for the cerebral cortex at 17/18 PCW was taken from 

solo.bmap.ucla.edu/shiny/webapp/, which shows FEZ1 expression is highly correlated with NRXN1, 

and STXBP1 susceptibility gene expression in the developing human cerebral cortex. 
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6.5.1 Telencephalic expression 

 

In the cortex, FEZ1 mRNA expression in the early stage of development (8-10 PCW) was 

greater in the cortical plate, which contains post-mitotic neurons. Furthermore, it only showed 

weak expression in the progenitor cells. It is also expressed in the proliferative zone and within 

post-mitotic neurons of ganglionic eminences. At 10 PCW, FEZ1 mRNA showed stronger 

expression in the progenitor cells of the medial ganglionic eminences (Figure 6.6) than in 

lateral ganglionic eminences. In a different section, the FEZ1 protein expression seemed 

stronger in the lateral ganglionic eminence at 10 PCW (Figure 6.8). There is evidence that some 

ganglionic eminence derived cells may migrate to the cortex while retaining the capacity to 

undergo cell division, and that the human cerebral cortex itself may produce some GABAergic 

neuron specific progenitors (Radonjić et al., 2014, Alzu'bi et al., 2017, Delgado et al., 2022). 

FEZ1 expression in the later stages was more restricted to post-mitotic glutamatergic neurons 

and the cellular rather than the axonal compartment (with the exception of hippocampal fornix 

projections). FEZ1 mRNA weakens in the progenitor cells and continues to be more restricted 

in post-mitotic cells in the cortical plate at 14, 16 and 19 PCW. However, in the cortical areas, 

FEZ1 mRNA showed strong staining in the hippocampal stratum pyramidale (SP), which 

contains predominantly glutamatergic neurons. Additionally, there was very high expression 

per cell compared to the stratum oriens (SO), which contains predominantly GABAergic 

neurons (Figure 6.14). However, it has been previously reported that FEZ1 shows high 

expression in GABAergic cells, which is contrary to our results (Sakae et al., 2008).  

 

6.5.2 Axonal expression of FEZ1  

 
Proper development of neuronal networks in the developing brain requires precise guidance 

when extending neuronal processes to their targets (Chua et al., 2021). Demonstrably, the FEZ1 

protein has critical involvement in axon and dendrite development and plays a role as a 

common effector in the integration of guidance cue pathways to advance the development of 

axons and dendrites during the generation of neuronal networks, as has been previously 

highlighted (Chua et al., 2021). Our findings show FEZ1 is expressed in the thalamocortical 

axons at 16 PCW but is absent at 10-12 PCW (Figure 6.12-6.13). Moreover, FEZ1 was 

expressed in axons in the subplate and in the corpus callosum and the fornix (Figure 6.13) 

implicating it in axonal development (Maturana et al., 2010). 
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6.5.3 Thalamic expression 

 
In the thalamus, FEZ1 mRNA showed strong expression in the progenitor cells in the early 

stage of development of the human brain and weak expression in the post-mitotic cells. FEZ1 

was expressed in the dividing cells, as evidenced by co-expression of FEZ1 with KI67 in the 

ventricular cells. FEZ1 mRNA at 14 PCW was expressed in a different nucleus, and there was 

co-expression with GAD67, which provides evidence of the presence of FEZ1 in the 

GABAergic neurons of the thalamus. The FEZ1 protein was expressed in the thalamic axons 

at 14 PCW and 16 PCW. Previously, disrupted thalamo-cortical-thalamic interactions have 

been strongly implicated in schizophrenia (Woodward and Heckers, 2016, Anticevic and 

Halassa, 2023). Altered FEZ1 expression in thalamic progenitors may similarly affect the 

differentiation of thalamic neurons. We also provide evidence for FEZ1 expression in post-

mitotic thalamic neurons and their axons in the later stages of development, suggesting 

thalamic axon outgrowth and synapse formation may be affected. At 21 PCW, FEZ1 mRNA 

started to become regionalized in specific nuclei, such as the pulvinar, which are classified as 

higher order nuclei associated with neurodevelopmental disorders (Homman‐Ludiye and 

Bourne, 2019). This indicates that FEZ1 is implicated in the development of the human 

thalamus. 

 

6.5.4 Implications of FEZ1 in schizophrenia  

 
Characteristic symptoms of schizophrenia such as psychosis are exhibited in adolescence, 

although other symptoms, such as deficits in working memory, are present from childhood. 

Therefore, it is conceivable that the failures of cortical circuit formation in the earlier stages of 

development, including in utero, result in susceptibility to later disease manifestations as the 

brain matures. FEZ1 is implicated during initial neuronal development, and earlier loss of FEZ1 

has been hypothesized to produce more acute developmental abnormalities (Chua et al., 2021). 

One of the genes related to schizophrenia encodes the protein Disrupted-In-Schizophrenia 1 

(DISC1), and this was identified as an interactant with FEZ1 using a two-hybrid assay (Miyoshi 

et al., 2003). Specifically, the C-terminal of both proteins was required for this interaction. In 

addition, this interaction process was further confirmed by experiments in mammalian cells 

(Teixeira et al., 2019). Several converging lines of evidence have suggested that DISC1 

Ser704Cys is of particular importance as a tool to increase the risk of schizophrenia through 

modifying DISC1 protein interactions (Burdick et al., 2008, DeRosse et al., 2007, Callicott et 
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al., 2005, Lipska et al., 2006). FEZ1 may play a role in dendrite and dendritic spine formation 

in cortical post-mitotic glutamatergic neurons (Glausier and Lewis, 2013). Hypofunctionality 

of pyramidal (glutamatergic) neurons in the cortex due to decreased dendritic spine and synapse 

formation has also been implicated in schizophrenia (Glausier and Lewis, 2013) at least in 

certain cortical regions, such as the dorsal prefrontal cortex. Cortical GABAergic interneurons 

are a group of cells implicated in schizophrenia (Sakae et al., 2008, Glausier and Lewis, 2013). 

For instance, in mice the schizophrenia susceptibility gene ErbB4 is exclusively expressed by 

GABAergic neurons in the cerebral cortex (Bean et al., 2014). It is thought that altered FEZ1 

expression/activity in the progenitor cells of the ganglionic eminences may subtly alter the 

subsequent gene expression and differentiation of these cell types.  

We conclude that FEZ1 is expressed in multiple classes of forebrain neuron and neural 

progenitors, and so may play a number of roles dependent on timing and the spatial and cellular 

localisation of expression. This may need to be studied further in human cell derived disease 

models to clarify the potential role FEZ1 plays in human neurodevelopment.  
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7 Chapter 7. General Discussion 

 

In this thesis, beginning with the analyses of scRNAseq data, we demonstrated that it is possible 

to cluster different classes of cells in the thalamus at 16 PCW, as confirmed by 

immunohistochemistry or in situ hybridisation. A critical insight provided concerned the 

perhaps unexpected high proportion of dividing cells observed, as cell proliferation was 

previously believed to be complete before 16 PCW in the thalamus. This suggests 

neurogenesis, or at least gliogenesis, continues to occur at this developmental time point. The 

data also shows, a relatively high proportion of GABAergic neurons and their precursors were 

present. This may reflect the inclusion of the prethalamic structures in the sample, and indicate 

extensive invasion of the thalamus by GABAergic neurons of mid-brain origin, as well as 

possibly forebrain origin by 16 PCW. This study not only enhances our understanding of 

thalamic development, but also sets the stage for further investigations into the functional 

implications of associated cellular dynamics. Future research could also explore how the 

ongoing proliferation of specific cell types influences thalamic connectivity and the 

establishment of sensory pathways. Additionally, the role of neurosusceptibility genes, like 

FEZ1 and NRXN1, in this context may provide valuable insights into the molecular 

mechanisms underlying neurodevelopmental disorders. Overall, these initial studies, and the 

ensuing findings, underscore the dynamic nature of thalamic development at 16 PCW, 

suggesting both neurogenesis and extensive cellular migration are pivotal processes that occur 

during this crucial period. A detailed exploration of these phenomena using live imaging and 

time-lapse microscopy as well as genetic fate mapping and lineage tracing, to unravel the 

complexities of thalamic function and its contribution to overall brain development, is therefore 

recommended as essential.  

Further, we observed a relatively rapid transition from largely homogenous gene expression 

patterns in the thalamic mantle at 8 PCW to evidence of differentiated patterns of expression 

by 10 PCW and recognizable thalamic nuclei by 14 PCW. This suggests a combinatorial 

protomap of transcription factor expression guides the specification of thalamic neurons. It was 

anticipated that we would observe higher PAX6 expression in the VZ posteriorly and dorsally, 

but that it would be absent from the ZLI. However, PAX6 was expressed strongly in the 

prethalamus of p3, which would be expected to receive a relatively high dose of SHH, 
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indicating co-expression and regulation of specific receptors and regulators of SHH signalling 

pathways in target cells is critical. We observed a different gradient of expression of NR2F2 in 

thalamic VZ, with expression being highest posteriorly and ventrally. We also identified four 

zones to the human thalamic progenitor zone; anterior/ventral which is NR2F2+/PAX6-; 

anterior dorsal which is NR2F2-/PAX6-; posterior/ventral which is NR2F2+/PAX6- and 

posterior/dorsal which is NR2F2+/PAX6+. We further observed very weak expression of 

OLIG2 immunoreactivity in or near the VZ, although unfortunately, we only looked at this at 

8 PCW and 14 PCW.  

To investigate the emergence of thalamic nuclei in the foetal brain, we studied the expression 

patterns of a variety of transcription factors which display universal expression in thalamic 

post-mitotic neurons but show restricted expression to specific nuclei as development proceeds. 

GBX2 immunoreactivity was evident in the thalamus medially, and excluded from the 

ventricular zone at 8 PCW, being restricted to the medial and posterior regions of the thalamus 

as early as 10 PCW, and by 14 PCW confined to medial locations and the medial geniculate 

nucleus. We have also observed FOXP2 expression change from being homogenous across the 

thalamus at 8 PCW, to widespread but stronger medially and posterior at 10 PCW, to being 

strongly expressed only in specific nuclei (e.g. centromedian, medial geniculate nucleus, 

paraventricular thalamus) and absent from anterior nuclei by 14 PCW. ZIC4 expression was 

widespread in the human thalamus at 8 PCW and expressed in the epithalamus as well, 

maintaining expression laterally where FOXP2 expression was weaker, but then showing 

expression confined to anterior and medial structures, and the lateral geniculate nucleus, by 14 

PCW. Importantly, the detection of high SP8 immunoreactivity in the thalamus was a surprising 

finding. We provided evidence for a potential novel role for SP8 in thalamic development, 

which may be human specific, as it has not been previously reported in other studies in other 

species. Our findings also demonstrated that SOX14, OTX2 and GAD67 expressing cells 

appear in the posterior two thirds of the thalamus by 14 PCW. Our observations concur that the 

appearance of interneurons in the thalamus proceeds posterior to anterior, and is co-incident 

with the emergence of thalamic nuclei. This finding underscores the point that human thalamic 

development is taking place relatively earlier than might be expected. Future studies into SP8 

and SOX14 expression and functional role in the thalamus is warranted. 

Next, we explored the expression of NRXN1 in foetal human forebrain development. 

Transcriptomic data analysis demonstrated that NRXN1 was highly expressed by diverse cell 

types in the developing human forebrain, including progenitor cells and post-mitotic neurons. 
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Histological experiments also confirmed this, revealing that while NRXN1 (mRNA and 

protein) was strongly expressed by cortical glutamatergic neurons and weakly expressed by 

their progenitors, the opposite was the case for the GABAergic cells of the ganglionic 

eminences in the early stages of development, where expression is much stronger in progenitor 

cells than post-mitotic cells. In the diencephalon, NRXN1 was highly prominent in the 

glutamatergic neurons and intermediate progenitor cells, and weakly expressed by progenitor 

cells in the ventricular zone in the early stages (8, 10 PCW). At 12-14 PCW, NRXN1 mRNA in 

the thalamus and epithalamus was expressed in quiescent progenitor cells in the ventricular 

zone and post-mitotic neurons. Additionally, telencephalic and thalamic expression of NRXN1 

were studied. When examined at 8-10 PCW, NRXN1 showed a strong expression pattern in the 

cortical plate, aligning with the findings of (Harkin et al., 2017) where the cortical plate showed 

the highest expression, as well as the apical ventricular zone of the cortex. Therefore, mutations 

in NRXN1α in early cortical development may potentially cause subtle alterations in rates and 

quantity of neuroblast production from radial glia CELLS (Harkin et al., 2017). PAX6 identifies 

radial glial cells in the proliferative ventricular (VZ) and subventricular (SVZ) zones. At 10 

PCW, NRXN1 showed co-localisation with PAX6 in the proliferative zones, confirming that 

NRXN1 is expressed in radial glial cells as reported by (Harkin et al., 2017). However, 

expression of NRXN1 in the apical ventricular cells was higher in the ganglionic eminences 

than in the cortex. It was observed in the ventral but not dorsal LGE, LGE-like CGE, and MGE. 

This is the major site of GABAergic neuron production in the forebrain.  

 

Potentially, NRXN1 mutations expressed in progenitor cells of the ganglionic eminences are 

the most likely cause of alterations to the production of cortical interneurons, and the neurons 

of the basal ganglia. Aside from the individual expression of the NRXN1 gene, the study also 

unveiled the co-expression of NRXN1 with suitable markers, elucidating its association with 

MKI67 (cell division), PAX6 (progenitor cells) in the ventricular zone of the thalamus and the 

cortex, FOXP2 (postmitotic cells) at 14 PCW in the thalamus post-mitotic cells, and at 14 and 

16 PCW with GAD67 (GABAergic neurons), respectively; thereby, emphasizing its 

multifaceted role in neurodevelopment throughout the gestational stages. We also observed that 

NRXN1 was highly expressed in the ventral pallium at 8 PCW. This was confirmed by 

demonstrating co-expression with NR2F1, which is present in the ventral pallium. These results 

suggest NRXN1 is also a marker gene for the ventral pallium given its strong expression. Based 

on its expression patterns, we could also infer that NRXN1 expression plays a role in the 

developmental trajectories of both glutamatergic and GABAergic neurons. To summarize, our 
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findings suggest NRXN1 is involved in the human forebrain development, and we have shown 

the expression patterns at different stages of development of the human foetal forebrain. 

NRXN1 is expressed in the earliest stages of human cortical development, showing distinct 

expression patterns. These findings could potentially pave the way for future diagnostic and 

therapeutic purposes associated with neurodevelopmental disorders involving NRXN1. Future 

functional experiments using live imaging and time-lapse microscopy in organotypic human 

brain slice cultures should be designed as a way to probe the potential roles of NRXN1 in cell 

migration and axon guidance, axon outgrowth, regulation of neuronal proliferation, and the 

early development of subplate circuitry. For example, using viral vector labelling, the migration 

of cells can be tracked and/or CRISPR-based fate-mapping techniques can be used to track 

specific cell populations. However, given the differences in anatomical organization, non-

human animal models may not be ideal to study human thalamic development.  

Next, we explored FEZ1 in the developing human forebrain. An analysis of transcriptomics 

data suggested FEZ1 is highly expressed in the developing human forebrain by a variety of cell 

types, including progenitor cells and post-mitotic neurons. Histological studies confirmed this, 

revealing that while FEZ1 was strongly expressed by cortical glutamatergic neurons and 

weakly expressed by their progenitors, the opposite was true in the ventral telencephalon and 

diencephalon in the early stages of development, where expression is much stronger in 

progenitor cells than in post-mitotic cells. Our transcriptomic analysis strongly suggested FEZ1 

expression is closely coupled to the expression of proteins associated with the SNARE 

complex, which are also implicated in neurodevelopmental disorders. FEZ1 may also play a 

significant role in transporting proteins such as NRXN1 and STXBP1 to sites of exocytosis in 

the developing cortex. Notably, NRXN1 shares similarities with FEZ1 expression, in that both 

proteins interact with the SNARE complex, and both NRXN1 and FEZ1 are highly expressed 

in cortical glutamatergic neurons and GABAergic progenitor cells, although both proteins have 

low expression in cortical progenitor cells and GABAergic neurons (Alhesain et al., 2023).  

In addition, we studied the telencephalic, thalamic and axonal expression of FEZ1. In the 

cortex, FEZ1 mRNA expression in the early stage (8-10 PCW) showed marked expression in 

the cortical plate, which contains postmitotic neurons, but only weak expression in the 

progenitor cells. It is also expressed in the proliferative zone and in the postmitotic neurons of 

ganglionic eminences. At 10 PCW, in the ganglionic eminences, FEZ1 mRNA showed strong 

expression in the progenitor cells of the medial ganglionic eminences compared with lateral 

ganglionic eminences. In a different section, FEZ1 protein expression appeared strong in the 
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lateral ganglionic eminence at 10 PCW. In the cortical areas, FEZ1 mRNA showed strong 

staining in the hippocampal stratum pyramidale (SP), which contains predominantly 

glutamatergic neurons; there was also very high expression per cell compared to the stratum 

oriens (SO), which contains predominantly GABAergic neurons.  

Our findings further showed that FEZ1 is expressed in thalamocortical axons. Furthermore, 

FEZ1 is expressed in axons in the subplate and in the corpus callosum, and in the fornix, 

meaning it is implicated in axonal development. In the thalamic region, FEZ1 mRNA showed 

strong expression in the progenitor cells at early stage of the developing human brain and weak 

expression in the postmitotic cells. FEZ1 is also expressed in dividing cells, as evidenced by 

co-expression of FEZ1 with KI67 in the ventricular cells. FEZ1 mRNA at 14 PCW showed co-

expression with GAD67, providing evidence for FEZ1 in GABAergic neurons in the thalamus. 

The FEZ1 protein was expressed in the thalamic axons at 14 PCW and 16 PCW. We also 

provide evidence for FEZ1 expression in postmitotic thalamic neurons and their axons in the 

later stages of development, suggesting that thalamic axon outgrowth and synapse formation 

may be affected. At 21 PCW, FEZ1 mRNA starts to become regionalized in specific nuclei, 

such as the pulvinar which are classified as higher order nuclei associated with 

neurodevelopmental disorders. This indicates FEZ1 is implicated in the development of the 

human thalamus. We conclude FEZ1 is expressed in multiple classes of forebrain neurons such 

as glutamatergic neurons, dividing cells and GABAergic neurons and neural progenitors, and 

fill a number of roles dependent on timing, and the spatial and cellular localisation of its 

expression. 

 

7.1 Conclusion  

In summary, this thesis aimed to explore the genes involved in human foetal forebrain 

development. We also outlined a protomap of transcription factor expression to guide the 

specification of thalamic neurons, considering the molecular players involved in the emergence 

of thalamic nuclei in the foetal brain. Further, we explored in great detail the expression patterns 

of the neurosusceptibility genes, NRXN1 and FEZ1. We also elucidated the spatial and temporal 

expression profiles of these genes as they present in forebrain development. While providing 

critical insights into neurodevelopment itself, the findings also underscore the need for further 

human cell derived disease models to fully understand the potential roles of these genes in 

human neurodevelopment and neurodevelopmental disorders.  
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