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Abstract 26 

Thyroid hormones (THs) are essential for establishing layered brain structures, a process called 27 

corticogenesis, by acting on transcriptional activity of numerous genes. In humans, deficiency of the 28 

monocarboxylate transporter 8 (MCT8), involved in cellular uptake of THs prior to their action, results 29 

in severe neurological abnormalities, known as the Allan-Herndon-Dudley Syndrome. While the brain 30 

lesions predominantly originate prenatally, it remains unclear how and when exactly MCT8 31 

dysfunction affects cellular processes crucial for corticogenesis. We investigated this by inducing in 32 

vivo RNAi vector-based knockdown of MCT8 in neural progenitors of the chicken optic tectum, a 33 

layered structure which shares many developmental features with the mammalian cerebral cortex. 34 

MCT8 knockdown resulted in cellular hypoplasia and a thinner optic tectum. This could be traced 35 

back to disrupted cell cycle kinetics and a premature shift to asymmetric cell divisions impairing 36 

progenitor cell pool expansion. Birth dating experiments confirmed diminished neurogenesis in the 37 

MCT8-deficient cell population as well as aberrant migration of both early-born and late-born 38 

neuroblasts, which could be linked to reduced reelin signalling and disorganised radial glial cell fibres. 39 

Impaired neurogenesis resulted in a reduced number of glutamatergic and GABAergic neurons but the 40 

latter additionally showed decreased differentiation. Moreover, an accompanying reduction in 41 

untransfected GABAergic neurons suggests hampered intercellular communication. These results 42 

indicate that MCT8-dependent TH uptake in the neural progenitors is essential for early events in 43 

corticogenesis, and help to understand the origin of the problems in cortical development and function 44 

in Allan-Herndon-Dudley syndrome patients.  45 
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Significance statement 46 

Thyroid hormones (THs) are essential to establish the stereotypical layered structure of the human 47 

forebrain during embryonic development. Prior to their action on gene expression, THs require 48 

cellular uptake, a process facilitated by the TH transporter MCT8. We investigated how and when 49 

dysfunctional MCT8 can induce brain lesions associated with the Allan-Herndon-Dudley Syndrome, 50 

characterised by psychomotor retardation. We used the layered chicken optic tectum to model cortical 51 

development, and induced MCT8 deficiency in neural progenitors. Impaired cell proliferation, 52 

migration and differentiation resulted in an underdeveloped optic tectum and a severe reduction in 53 

nerve cells. Our data underline the need for MCT8-dependent TH uptake in neural progenitors and 54 

stress the importance of local TH action in early development.   55 
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Introduction 56 

The development of the cerebral cortex (i.e. corticogenesis) is a complex process which includes 57 

proliferation of neural progenitors, radial and tangential cell migration and the structural organisation 58 

of cells into layers. Subsequent cell differentiation and synaptogenesis establishes the basic cortical 59 

circuit necessary for efficient processing of sensory information (Molnar et al., 2006). Thyroid 60 

hormones (THs) are known to be important mediators of mammalian corticogenesis from early stages 61 

of development onwards (Berbel et al., 2014; Moog et al., 2017). Induction of hypothyroidism during 62 

foetal corticogenesis in rodents consequently results in multiple impairments among which disrupted 63 

cell cycle kinetics, impaired neuronal migration and reduced cortical thickness (Auso et al., 2004; 64 

Mohan et al., 2012).  65 

TH nuclear receptor-mediated signalling is highly heterogeneous among developing cortical regions, 66 

affecting different subsets of genes depending on time and place of TH action (Chatonnet et al., 2015; 67 

Bernal, 2017). Transmembrane transporters facilitating TH uptake and efflux together with TH-68 

(in)activating enzymes called deiodinases strictly determine the local availability of the biologically 69 

active 3,5,3'-triiodothyronine (T3) (Mendoza and Hollenberg, 2017). The most specific TH transporter 70 

identified in different vertebrates so far is the monocarboxylate transporter 8 (MCT8) (Friesema et al., 71 

2003; Arjona et al., 2011; Bourgeois et al., 2016; Mughal et al., 2017). Inactivating mutations in the 72 

human SCL16A2 gene coding for MCT8 result in an X-linked syndrome of severe psychomotor 73 

retardation called the Allan-Herndon-Dudley Syndrome (AHDS) (Friesema et al., 2004; Schwartz et 74 

al., 2005). Impaired neuronal differentiation, reduced cortical thickness, delayed cerebral development 75 

and poor myelination are among the severe manifestations of AHDS (Dumitrescu et al., 2013; Lopez-76 

Espindola et al., 2014). However, the neurological outcome associated with MCT8 deficiency is 77 

considerably different with that of cretinism, originating from a general shortage of active TH (Kurian 78 

and Jungbluth, 2014; Lopez-Espindola et al., 2014). This suggests TH deficiency differentially affects 79 

brain development depending on time and place of action. So far, the need of MCT8-dependent TH 80 

uptake has been demonstrated at the level of the blood-brain barrier in peri- and postnatal stages in 81 

rodents (Roberts et al., 2008; Ceballos et al., 2009; Vatine et al., 2017), and more recently also in 82 
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neural circuit assembly in zebrafish (Zada et al., 2014), and in differentiating Purkinje cells of the 83 

chicken cerebellum (Delbaere et al., 2017). However, it has not been addressed yet if MCT8 plays a 84 

role at the level of neural progenitors during corticogenesis. In addition, there is still no direct in vivo 85 

proof of MCT8 deficiency causing altered TH activity in neural progenitors. 86 

To study the involvement of MCT8 in early corticogenesis in more detail, we chose the chicken optic 87 

tectum (TeO), a mesencephalic structure that shares many features with the mammalian cerebral 88 

cortex (Nomura et al., 2009). This avian homologue of the mammalian superior colliculus develops in 89 

a similar fashion following a sequence of overlapping phases. First, the neuro-epithelium undergoes 90 

massive cell proliferation to expand the progenitor cell population. Gradually, neuroblasts that have 91 

exited the cell cycle migrate radially to form the tectal layers. Early-born cells populate the deeper 92 

layers while later-born cells progressively form more superficial layers so that the cortex is established 93 

following an inside-out gradient with one exception: the latest-born neurons form the middle layers. 94 

Cell differentiation takes place during and after migration and determines the basic cytoarchitecture of 95 

the TeO (LaVail and Cowan, 1971; Lever et al., 2014). The mature TeO presents itself as 15 96 

alternating neuronal and plexiform layers which receive visual input in a topographical manner (Mey 97 

and Thanos, 2000; Wylie et al., 2009). MCT8 is expressed throughout all phases of tectal development 98 

(Geysens et al., 2012) supporting the concept that TH uptake is necessary for proper TH action. The 99 

objective of this study was to investigate if MCT8 expression in neural progenitors contributes to early 100 

corticogenesis, and to gain insight on how and when MCT8 deficiency could account for lesions in the 101 

developing cortex of AHDS patients.   102 
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Materials & Methods 103 

Chicken embryos 104 

Fertilised eggs (Gallus gallus, white leghorn) were obtained from a commercial hatchery 105 

(Wyverckens, Halle, Belgium), and were incubated in a forced draft incubator (38°C, 55% humidity) 106 

until the desired developmental stage was reached. Chicken embryonic development takes 21 days 107 

with the start of incubation defined as embryonic day 0 (E0). Embryos were sampled at specific 108 

developmental stages, irrespective of sex. All experiments were conducted according to the European 109 

Directive 2010/63/EU, and were approved by the Ethical Committee of the KU Leuven (P005-2016). 110 

Injection and electroporation  111 

A window was cut in the egg at E3 making the chicken embryo accessible for experimental 112 

manipulation. The third brain ventricle was completely filled with the pRFP-RNAi vector (empty 113 

control vector) (Das et al., 2006)) or the pRFP-MCT8-RNAi vector (± 2.5 μg/μL) using a micro-114 

injector (Femtojet, Eppendorf). The construction of the pRFP-MCT8-RNAi vector was described 115 

previously (Delbaere et al., 2017). Cells transfected with the pRFP-RNAi vector or 116 

pRFP-MCT8-RNAi vector are visible by Red Fluorescent Protein (RFP) expression. The injection 117 

solution also contained 0.1% Fast Green (Sigma-Aldrich, St. Louis, MO, USA) for visualisation. The 118 

vectors were subsequently electroporated (settings: 12V, 5 square pulses of 50 ms) into the left 119 

mesencephalic hemisphere with a 7 mm Tweezertrode (Harvard Apparatus) connected to a ECM 830 120 

Electro Square Porator (BTX, Harvard Apparatus). Eggs were then resealed with tape and further 121 

incubated until sampling at different stages: E4, E6, E8 and E12.  122 

Tissue sampling 123 

Embryonic heads were collected for all stages ≤ E6 while the brain was dissected for all stages ≥ E8. 124 

They were fixated overnight in 4% paraformaldehyde (PFA) in 1x PBS, followed by overnight 125 

incubation in 20% sucrose in 1x PBS, both at 4°C. Tissue samples were then embedded in Tissue-126 

Tek® O.C.T.TM Compound (Sakura Finetek, Alphen aan den Rijn, The Netherlands) by placing them 127 
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on a metal stub in liquid nitrogen, after which samples could be stored at -80°C until 12 μm coronal 128 

cryosections were made. 129 

EdU assays 130 

To visualise S-phase cells at E4, embryos received an intravenous injection of 1 μL 5-ethynyl-2’-131 

deoxyuridine (EdU) (10 mM in 0.9% NaCl) 1 hour prior to sampling. Sampling was carried out as 132 

described above, and sections were stained as recommended by the manufacturer (ThermoFisher): 133 

post-fixation with 4% PFA in 1x PBS, permeabilisation in 0.1% Triton X-100 in 1x PBS and blocking 134 

with 3% BSA in 1x PBS prior to 30 min incubation with the reaction cocktail (reaction buffer, CuSO4, 135 

buffer additive and Alexa488 Fluor Azide). DAPI (1:1000 in 1x PBS) was used as a background 136 

nuclear staining. 137 

Birth dating experiments were performed by dripping a single dose of 250 μL EdU solution (500 μM 138 

in 0.9% NaCl) on the embryo at E4 or E6. Embryos were then resealed and incubated until the brains 139 

were sampled at E8 and E12, after which the EdU staining was performed as described above. 140 

TH signalling assay 141 

For the TH signalling assay, a reporter construct was used containing a coding sequence for alkaline 142 

phosphatase (AP) under the control of an upstream TH response element (TRE). This reporter 143 

construct (pTRE-AP) was modified from a previously used retinoic acid reporter construct (pRARE-144 

AP) (Gupta and Sen, 2015), by replacing the retinoic acid response element (RARE) by a TRE 145 

(sequence with TH receptor binding sites in bold: CGACTTATTGAGGTCACTTCAGGTCA 146 

CCAGAGATCTCTTCAGGTCACTTCAGGTCACAAGCTTCCTCGAGA), and was checked by 147 

sequencing (modification by Margarita Pitsiani and Prof. R. Wingate (Kings College London, UK)). 148 

The pRFP-RNAi or pRFP-MCT8-RNAi vector (± 2.5 μg/μL) was electroporated in combination with 149 

the pTRE-AP (± 5 μg/μL) in the left mesencephalic hemisphere at E3, after which samples were taken 150 

at E6 as described above. Cryosections were first washed in 1x PBS and Tris-NaCl-Tween 20 (TNT) 151 

buffer. The presence of AP was then visualised by adding the substrate naphtol-AS-MX-phosphate 152 

(NAMP, 50 mg/mL, 1:500, Sigma) and Fast-Blue (50 mg/mL, 1:250 in staining buffer (Tris-HCl pH 153 
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8.2, MgCl2, 5M NaCl, 0.1% Tween20), Sigma) for 8 hours, resulting in the formation of a green light 154 

emitting precipitate. Pictures were made using an FV-1000 confocal microscope (Olympus).  155 

Western Blot 156 

E12 brains were dissected on ice and collected in 1x PBS. In case of extensive transfection and normal 157 

morphology, the mediolateral part of the TeO transfected with the pRFP-RNAi or pRFP-MCT8-RNAi 158 

vector was dissected on ice. Tissues were homogenised by sonication on ice (6 pulses of 10 s) in lysis 159 

buffer (100 μL 65 mM Tris buffer pH 8.0 containing 2% SDS) combined with protease inhibitors 160 

(Roche, Nutley, NJ). Samples were then heated for 5 min at 70°C, and centrifuged at 13000 rpm for 15 161 

min at 4°C, where after the supernatant was transferred to a new tube and stored at -80°C until further 162 

use. Protein concentration was measured by the Bradford method using Protein Assay Dye Reagent 163 

Concentrate (Bio-Rad, Nazareth, Belgium). 5 μg homogenised protein was loaded on a 4-12% sodium 164 

dodecyl sulphate-polyacrylamide gel (SDS-PAGE) and transferred to a nitrocellulose membrane 165 

following electrophoresis. This membrane was blocked for 2 hours in 5% milk powder (Nestlé) in 1x 166 

TBS, prior to overnight incubation with a custom-made rabbit-anti-chicken MCT8 antibody (1:5000, 167 

Eurogentec). The membrane was then incubated with a HRP-labelled secondary antibody (1:20000, 168 

Dako) and positive signal was visualised using a luminol-based enhanced chemiluminescent kit 169 

(Thermo Scientific, Pittsburgh, PA) visible under an imaging system (BioRad, Hercules, CA, 170 

ChemiDoc MP imaging system). The total amount of protein was semi-quantified using the SWIFT 171 

method (BioRad).  172 

Immunohistochemistry 173 

Cryosections were permeabilised with 0.1% Triton X-100 in 1x PBS and blocked for 1 hour with 174 

pre-immune serum before adding the primary antibody overnight. The primary antibodies include a 175 

polyclonal rabbit-anti-phospho-Histone 3 (Ser10) antibody (anti-PH3, 1:400, Cell signalling, RRID: 176 

AB_9701S), a polyclonal mouse-anti-reelin antibody (1:200, Gift from Prof. A. Goffinet, University 177 

of Louvain, Brussels, Belgium, RRID: AB_142), a monoclonal mouse-anti-brain-specific 178 

homeobox/POU domain protein 3a antibody (anti-BRN3a, 1:100, Millipore, USA, RRID: AB_1585), 179 
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a monoclonal mouse-anti-vimentin antibody (antibody H5, 1:200, Developmental Studies Hybridoma 180 

Bank, Iowa University, USA, RRID: AB_528506) and a monoclonal mouse-anti-LIM homeobox 181 

protein 1/5 antibody (anti-LHX1/5) (antibody 4F2, 1:500, Developmental Studies Hybridoma Bank, 182 

Iowa University, USA, AB_531784). Binding of primary antibodies was visualised using an 183 

Alexa488-labelled secondary antibody (for BRN3a), or the TSATM FT amplification kit (Perkin Elmer, 184 

USA) (for PH3, Reelin, H5 and 4F2). Pictures were made with a FV-1000 confocal microscope 185 

(Olympus). 186 

Experimental Design and Statistical Analysis 187 

Only sections through the mediolateral TeO were used for analysis to avoid bias due to the rostro-188 

caudal and dorso-ventral developmental gradient. Furthermore, to reduce the risk of bias in cell counts, 189 

they were always conducted on at least 2 sections per animal (technical replicates) and were performed 190 

independently and blind for condition by two researchers. Further details regarding the cell countings 191 

are provided in the results section for each experiment. The image processing software FIJI was used 192 

for all cell countings (Schindelin et al., 2012). The value of n represents the number of animals used 193 

(biological replicates) per condition. The obtained values are shown as scatter plots depicting mean ± 194 

standard deviation (SD) or as horizontal bars/squares showing mean ± SD. 195 

All statistical tests were performed using GraphPad Prism version 7.00 for Windows (GraphPad 196 

Software, La Jolla California USA, www.graphpad.com). Prior to analysis, normal distribution of the 197 

data was checked by the Kolmogorov-Smirnov test and size of the variance between groups was 198 

checked via the F-test for equality of two variances. When one of these preconditions was not met, a 199 

non-parametrical test was used instead. To evaluate MCT8 knockdown, an unpaired one-tailed Student 200 

t-test was performed, where the degrees of freedom (Df) are defined as n1 + n2 - 1. All other 201 

comparisons of one variable between two groups (i.e. one independent variable) was done via an 202 

unpaired, two-tailed Student t-test with Df = n1 + n2 - 2 or in case of no normal distribution, a Mann-203 

Whitney U test. In case of two independent variables, results were analysed via two-way ANOVA. F 204 

values are provided together with Df1 = k - 1, with k the number of treatments, and Df2 = n - k. In case 205 

of a significant outcome, the ANOVA was followed by a Sidak post-hoc test to detect which 206 
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conditions differed from one another, and the associated t values are shown together with Df = n - k. 207 

Results were considered significant when P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***), and exact 208 

values are provided in the results section unless P < 0.0001.  209 
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3. Results 210 

3.1. pRFP-MCT8-RNAi transfection results in reduced MCT8 expression and TH signalling. 211 

Unidirectional electroporation of the pRFP-RNAi (empty control vector) or pRFP-MCT8-RNAi vector 212 

into the mesencephalon at E3 (fig 1A) resulted in the transfection of the left mesencephalic 213 

hemisphere (i.e. the left optic lobe), as visualised by RFP expression (fig 1B). To confirm knockdown 214 

of MCT8 protein during the entire time frame of interest, i.e. E3 to E12, we performed Western Blot 215 

analysis of E12 samples of the mediolateral part of the transfected optic lobe for both conditions. Two 216 

bands are visible: one corresponding to the MW of the MCT8 monomer (55.15 kDa) and a band with a 217 

higher MW, possibly corresponding to a dimer. Signal intensity was visibly lower in protein lysates of 218 

the pRFP-MCT8-RNAi-transfected TeO (fig 1C). Semi-quantitative analysis of the monomer band via 219 

SWIFT revealed a reduction of approximately 50% of MCT8 protein at E12 (n = 5, one-tailed t test, t9 220 

= 2.342, P = 0.0219). As only part of the cells in the lysates are transfected (< 50%), this is indicative 221 

for a sustained and strong depletion of MCT8 in the pRFP-MCT8-RNAi-transfected cells. We also 222 

electroporated a reporter construct (pTRE-AP) in combination with either the pRFP-RNAi or the 223 

pRFP-MCT8-RNAi vector, to visualise TH signalling at the transfection sites. Signal intensity was 224 

studied in strongly transfected regions of the TeO of 7 animals per condition. Cells transfected with 225 

the pRFP-RNAi vector clearly show a green signal confirming the presence of TH signalling at E6, as 226 

shown here in representative pictures of 3 different animals (fig 1D). Transfection with the pRFP-227 

MCT8-RNAi vector resulted in a strongly reduced green signal in almost all transfected cells (Fig 1E), 228 

validating the specific effect of our knockdown strategy.  229 

3.2. MCT8 knockdown results in a hypoplastic TeO. 230 

The development of the TeO is typically accompanied by a strong increase in tectal thickness starting 231 

at the moment of neurogenesis. The TeO thickness was reduced by approximately 140 μm at E12 232 

following pRFP-MCT8-RNAi transfection at E3, which is a 13% loss of total thickness (data not 233 

shown, n = 12, two-tailed t test, t22 = 3.394, P = 0.0026). As almost all cells have been generated and 234 

the formation of the TeO layers is completed at E12 (Mey and Thanos, 2000), we further explored the 235 
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cellular build-up. Coronal sections through the mediolateral TeO (fig 2A) show that cells transfected 236 

with the pRFP-RNAi vector are spread across all tectal layers (fig 2B). In contrast, the TeO transfected 237 

with the pRFP-MCT8-RNAi vector shows reduced spreading of the RFP-positive cells, as the signal is 238 

almost exclusively found in the inner tectal layers (fig 2C). Apparently, pRFP-MCT8-RNAi-239 

transfected cells fail to reach the outer tectal layers and remain localised close to the ventricular zone 240 

where they were born.  241 

More detailed analysis of tectal cell numbers was done by dividing the TeO into five horizontal 242 

sections based on (McGowan et al., 2012) (fig 2B, right panel). The inner layers are generated first 243 

and, starting at the bottom, comprise the stratum fibrosum periventriculare (SFP), stratum griseum 244 

periventriculare (SGP), stratum albumen centrale (SAC) and stratum griseum centrale (SGC). Next, 245 

the stratum griseum et fibrosum superficiale (SGFS) a-g or outer layers are generated and divided in 246 

the SGFS a-f and the densely packed SGFS g. Finally, the SGFS h and SGFS i represent the middle 247 

layers and are generated last. A region of interest (ROI, a rectangle 100 μm wide and the height of the 248 

TeO) was selected in the mediolateral TeO to perform cell counting. The ventricular zone was 249 

systematically left out for counting as this layer forms the ependymal layer (EP) at E12 and is not part 250 

of the functional TeO itself. Likewise, the stratum opticum (SO) containing retinal axon fibres was not 251 

included.  252 

The total number of DAPI-positive cells in the ROI at E12 is 16% lower in the MCT8 knockdown 253 

condition compared to controls (n =8-9, two-tailed t test, t15 = 3.052, P = 0.0081). When only counting 254 

transfected, RFP-positive cells, the number is decreased by approximately 80% in the MCT8 255 

knockdown condition (n = 8-9, two-tailed t test, t15 = 14.56, P < 0.0001) (fig 2D). The loss of 256 

RFP-positive cells actually equals the loss of DAPI-positive cells of the total cell population, 257 

indicating that the cell number in the untransfected population was unaffected. The total cell loss is 258 

most apparent in the inner layers (n = 8-9, Sidak post-hoc test following two-way ANOVA, t15 = 259 

3.404, P = 0.00533) while the number of transfected cells is significantly lower in all cell layers of the 260 

MCT8 knockdown condition (n = 8-9, two-way ANOVA, F1,15 = 212.1, P < 0.0001) (fig 2E). Only the 261 

inner layers contains a substantial amount of RFP-positive cells, although still significantly less than in 262 
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the control condition. This indicates that the few pRFP-MCT8-RNAi-transfected cells that were 263 

formed only occasionally reached the outer tectal layers. As a consequence, these cells are not 264 

arranged in layers as noticeable for the untransfected, DAPI-positive cells (fig 2C). Overall, these data 265 

show that MCT8 knockdown results in a thinner, hypoplastic TeO at E12. 266 

3.3. MCT8 knockdown disrupts cell cycle kinetics and obstructs progenitor cell pool expansion. 267 

To further explore the underlying nature of the hypoplasia, we investigated cell proliferation at E4 and 268 

E5, the phases of maximal progenitor cell pool expansion in the TeO (Mey and Thanos, 2000). In this 269 

phase, the neuro-epithelium consists of neural progenitors in various phases of the cell cycle present at 270 

characteristic locations. Cells in the phase of DNA synthesis (i.e. S-phase) were labelled with EdU 271 

administered 1 hour prior to sampling. RFP-positive cells are distributed across the entire radial 272 

gradient of the tectal neuro-epithelium. In the control condition, the EdU-positive cells are almost 273 

exclusively located in the subventricular zone, as expected and a vast amount of RFP-positive cells are 274 

EdU-positive (fig 3A, yellow cells). While EdU-positive cells are also present in the pRFP-275 

MCT8-RNAi-transfected neuro-epithelium, regions with RFP-positive cells contain only few 276 

EdU-positive cells, visible as a reduced amount of yellow cells. Moreover, EdU-positive cells are also 277 

present in the ventricular zone where S-phase cells normally do not reside (fig 3B), indicative for a 278 

reduced S-phase length in pRFP-MCT8-RNAi-transfected progenitor cells (Mohan et al., 2012). 279 

Surprisingly, most of these heterotopic cells are untransfected. Cells leaving the S-phase then migrate 280 

to the ventricular zone and start the mitotic phase (i.e. M-phase), visualised by staining for PH3. 281 

M-phase cells in the tectal neuro-epithelium appear at the ventricular border at E4 in both conditions, 282 

but are less abundant in the MCT8 knockdown condition (fig 3C, D).  283 

To quantify these observations, we counted at least 30 RFP-positive cells on minimally two detailed 284 

images of the TeO per animal, and determined which of these cells expressed the marker EdU or PH3. 285 

Statistical analysis of the fraction of EdU-positive cells in the RFP-positive population reveals a strong 286 

reduction of almost 60% of S-phase cells at E4 (n = 3, two-tailed t test, t4 = 11.64, P = 0.0003) (fig. 287 

3E) and 54% at E5 (data not shown, n = 5, Mann-Whitney U test, P = 0.0159) following MCT8 288 

knockdown. The fraction of M-phase cells in the RFP-positive population is also lower at E4 (n = 9-289 
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11, two-tailed t test, t18 = 3.141, P = 0.0056) (fig. 3E), but the effect is not as strong as for the fraction 290 

of S-phase cells (a reduction of 21% vs 60%, respectively). Finally, by measuring the angle of the 291 

mitotic spindle during the meta- or anaphase in M-phase cells, we further investigated stem cell 292 

behaviour. Per animal, one value comprises the mean angle of the mitotic spindle of at least 10 cells 293 

on minimally two sections. The mean angle of the mitotic spindle is on average 17° lower in the 294 

pRFP-MCT8-RNAi-transfected PH3-positive cells, further indicating a premature switch to 295 

neuroblast-generating behaviour at the expense of establishing a normal-sized progenitor cell pool (n 296 

= 9-11, two-tailed t test, t18 = 4.045, P = 0.0008) (fig 3F). The above data suggest that the cause of the 297 

reduced amount of RFP-positive cells in the MCT8-deficient TeO at E12 can be traced back to cell 298 

proliferation defects in an early stage of corticogenesis. 299 

3.4. MCT8 knockdown causes impaired neurogenesis and migration of early- and late-born cells. 300 

A remarkable observation at E12 is the incapacity of pRFP-MCT8-RNAi-transfected cells to reach the 301 

outer layers of the TeO. In general, cells born before E5 (i.e. early-born, type I neuroblasts) give first 302 

rise to the inner and then the outer layers, while cells born after E5 (i.e. late-born, type II neuroblasts) 303 

generate the middle layers (Nakamura and Sugiyama, 2004). We performed a birth dating experiment 304 

in order to determine the migratory history (E8) and final tectal destination (E12) of early- and 305 

late-born cells. Therefore, we labelled them with EdU respectively at E4 and E6, 1 or 3 days after 306 

electroporation at E3 (fig 4A). Untransfected EdU-labelled cells provided an additional internal 307 

control condition, as they are born simultaneously and can be used to compare their course of 308 

migration with that of transfected cells. We compared their location with EdU-labelled cells 309 

transfected with the pRFP-RNAi or pRFP-MCT8-RNAi vector. In the ROI, we quantified the 310 

proportion of green cells (EdU+RFP-) and yellow cells (EdU+RFP+) in each tectal layer relative to the 311 

total population of green or yellow cells in all layers, respectively. Hence, the values lie between 0 and 312 

1.  313 

The TeO comprises three basic layers at E8. The ventricular zone at the bottom contains radial glial 314 

cells and late-born neuroblasts starting their migration. The intermediary zone contains migrating 315 

neuroblasts and is less populated. Finally, the outer tectal plate consists of the first migrated cells that 316 
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have reached their destination as well as migrating neuroblasts that will form the superficial middle 317 

and outer layers (Sugiyama and Nakamura, 2003). Most of the untransfected cells labelled with EdU 318 

at E4 reach the tectal plate at E8, as is also true for EdU-positive cells transfected with the 319 

pRFP-RNAi vector (fig 4B, left panels). However, pRFP-MCT8-RNAi-transfected cells labelled with 320 

EdU at E4 are significantly more abundant in the ventricular zone (n = 3, Sidak post-hoc test following 321 

two-way ANOVA, t4 = 6.9197, P = 0.00686) and almost not present at all in the tectal plate (t4 = 322 

4.879, P = 0.0243) as compared to the untransfected, EdU-positive cells (fig 4B-D, left panels). The 323 

latter actually resemble the migratory pattern of all the EdU-positive cells in the control condition. 324 

This strongly suggests that MCT8-deficient type I neuroblasts already fail to migrate normally in an 325 

early stage. This trend was also observed at E12 where the pRFP-MCT8-RNAi-transfected, 326 

EdU-positive cells are predominantly present in the inner layers (n = 3, Sidak post-hoc test following 327 

two-way ANOVA, t4 = 22.885, P < 0.0001) and almost completely absent in the SGFS i (t4 = 12.064, 328 

P < 0.0001), SGFS g (t4 = 4.273, P = 0.0135) and SGFS a-f (t4 = 3.507, P = 0.0394) (Fig 4E, left 329 

panel). Untransfected cells labelled with EdU at E6 can be found in all layers at E8, as is also true for 330 

all transfected, EdU-positive cells at this stage (fig 4B-D, right panels). Hence, the radial migration of 331 

type II neuroblasts seems to occur normally at first. However, at E12 many pRFP-MCT8-RNAi-332 

transfected, EdU-positive type II neuroblasts are again blocked in the inner layers (n = 4, Sidak 333 

post-hoc test following two-way ANOVA, t4 = 11.997, P < 0.0001), and failed to migrate towards the 334 

SGFS i layer (t6 = 6.745, P = 0.000103) as compared to untransfected, EdU-positive cells (fig 4E, right 335 

panel). Together the data indicate that both early-born and late-born MCT8-deficient neuroblasts fail 336 

to migrate towards their normal cortical destination and suggest the absence of a normal inside-out 337 

gradient.  338 

In addition, the EdU birth dating experiment allowed to quantify to which extent cells in the 339 

transfected population contributed to neurogenesis in early phases based on a strategy similar to the 340 

one used by (McGowan et al., 2012). We anticipated finding a higher relative contribution to the total 341 

population of EdU-positive cells in the group of cells transfected with the pRFP-RNAi vector as 342 

compared to the group of pRFP-MCT8-RNAi-transfected cells, indicating that neurogenesis at an 343 



 

16 
 

early phase was severely reduced. Therefore, we calculated the fraction of yellow cells (EdU+RFP+) in 344 

the total population of EdU-positive cells in the ROI at E12 for each condition. This fraction is indeed 345 

significantly smaller in the MCT8 knockdown condition as compared to controls following EdU 346 

labelling at E4 (n = 3-5, two-tailed t test, t6 = 6.95, P = 0.0002) as well as EdU labelling at E6 (n = 4, 347 

two-tailed t test, t6 = 2.886, P = 0.0139) (fig 4F, G). Hence, for both types of neuroblasts, the relative 348 

contribution to the total population of EdU-positive cells is decreased 3-fold due to MCT8 349 

knockdown. This result is in line with the data from section 3.3 and provides direct evidence that the 350 

origin of the reduced tectal cell number can be traced back to a diminished progenitor cell pool 351 

expansion in the pRFP-MCT8-RNAi-transfected population suggesting that the period of neurogenesis 352 

is shortened. 353 

3.5. Reduced reelin expression together with disorganised radial glial cell fibres could underlie 354 

impaired cell migration. 355 

We further hypothesised that a reduced secretion of the protein reelin, encoded by the TH-responsive 356 

RELN gene and having a well-known function in neuronal migration to establish the layers of the 357 

mammalian cortex, could be one of the reasons why post-mitotic cells fail to migrate already at early 358 

stages. At E6, the TeO consists of the inner ventricular zone and the outer mantle zone, the latter 359 

containing the first differentiating neurons. Immunohistochemical staining of the reelin protein 360 

revealed clear expression in the mantle zone at E6. Detailed pictures of transfected cells confirm that 361 

reelin is secreted outside the cell body (fig 5A). Reelin is also present in the pRFP-MCT8-RNAi-362 

transfected TeO, but reelin-positive cells are less abundant (fig 5B). Because we quantified 363 

reelin-secreting cells independently of whether cells were transfected or not, it was possible to include 364 

the untransfected side as an internal control. Therefore, we selected two 202 μm² boxes in a strongly 365 

transfected region in the mantle zone of the transfected side (white boxes in fig 5A, B), and in a 366 

corresponding region in the mantle zone of the opposite, untransfected side, and did this for two 367 

sections per animal. In addition, we also measured the thickness of the reelin-positive layer and 368 

averaged 10 measurements in the transfected and untransfected side on each section. The 369 

reelin-positive layer is 17% thinner in the MCT8 knockdown condition as compared to internal and 370 
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external controls (n = 7, Sidak post-hoc test following two-way ANOVA, t12 = 5.95, P = 0.00013). 371 

This observation is compatible with the significant 31% reduction in the number of reelin-secreting 372 

cells (n = 7, Sidak post-hoc test following two-way ANOVA, t12 = 7.18, P = 0.00022) (fig 5C). 373 

Proper alignment of radial glial cell (RGC) fibres is necessary to provide a scaffold for neuronal 374 

migration. Immunohistochemical staining of vimentin visualises these fibres in the TeO at E6 and was 375 

performed on 5 animals per condition after which detailed pictures were taken of at least two sections 376 

per animal to confirm our observations. Staining for RGC fibres reveals a highly aligned organisation 377 

in the control condition (fig 5D), while RGC fibre alignment is partially lost and appears to be less 378 

dense following MCT8 knockdown. Furthermore, a substantial amount of RGC fibres fail to reach the 379 

outer TeO (fig 5E). Clusters of transfected cells are organised in radial columns in the control 380 

condition as they are closely associated with the RGC fibres. In contrast, pRFP-MCT8-RNAi-381 

transfected cells tend to be randomly clustered together and are not properly associated with these 382 

fibres, a presage of the E12 TeO phenotype supporting the hypothesis of early impaired migration. 383 

3.6. MCT8 knockdown causes a reduction in GABAergic and glutamatergic neurons.  384 

As every cortical circuit depends on a correct balance of excitatory and inhibitory neurons, 385 

glutamatergic and GABAergic cell differentiation was assessed using the markers BRN3a and 386 

LHX1/5, respectively (Waite et al., 2011). BRN3a-expressing cells are abundantly present in the TeO 387 

at E12 and are spread across all layers, especially the inner layers and the SGFS g (fig 6A). The 388 

presence of large glutamatergic, pyramidal neurons in the inner layers stands out, confirming previous 389 

observations (Wylie et al., 2009), and these cells resemble those found in layer 5-6 in the mammalian 390 

cerebral cortex. Detailed pictures show many RFP-positive cells expressing this marker in various 391 

layers of the TeO (Fig 6A, right panels). The density of BRN3a-expressing cells in the pRFP-392 

MCT8-RNAi-transfected TeO is noticeably lower (fig 6B), but a substantial percentage of 393 

RFP-positive cells still expresses BRN3a (fig 6B, right panels). We performed cell counts in an ROI of 394 

the mediolateral E12 TeO as we did for previous analyses. The total number of BRN3a-expressing 395 

cells is significantly reduced by approximately 24% (n = 8-9, two-tailed t test, t15 = 3.59, P = 0.0027), 396 

mainly due to a loss of BRN3a-expressing cells in the inner layers (n = 8-9, Sidak post-hoc test 397 
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following two-way ANOVA, t15 = 4.187, P = 0.00038) (fig 6C). However, the fraction of transfected 398 

cells that have differentiated into BRN3a-expressing cells is similar in the control and MCT8 399 

knockdown condition (n = 8-9, Mann-Whitney U test, P = 0.370), meaning that the loss of 400 

BRN3a-expressing cells is the sole consequence of the inadequate production of post-mitotic 401 

neuroblasts (i.e. reduced neurogenesis). In addition, the amount of BRN3a-expressing cells in the 402 

untransfected population is not affected (n = 8-9, two-tailed t test, t15 = 0.494, P = 0.6283) (fig 6D). 403 

LHX1/5-expressing cells are also spread across the entire TeO at E12, but most of these cells now 404 

reside in the inner and middle layers in the control condition. A large amount of inhibitory neurons are 405 

densely packed in the middle layers as was described previously (Wylie et al., 2009) (fig 7A). Close 406 

examination of RFP-positive cells again indicates that some express LHX1/5 while others do not (fig 407 

7A, right panels). A massive loss of LHX1/5-expressing cells can be observed in the MCT8 408 

knockdown condition (fig 7B). Indeed, the number of LHX1/5-expressing cells in the ROI of the E12 409 

TeO is also significantly reduced (n = 7-9, Mann-Whitney U test, P = 0.0003), and more drastically 410 

than in the BRN3a-positive cell population (34 % vs 24%, respectively). In-depth analysis reveals a 411 

strong reduction in LHX1/5-expressing cells in the inner layers (n = 7-9, Sidak post-hoc test following 412 

two-way ANOVA, t14 = 2.815, P = 0.0312), SGFS i (t14 = 6.089, P < 0.0001) and the SGFS a-f (t14 = 413 

3.41, P = 0.00540) (fig 7C), almost twofold more than for the BRN3a-expressing neurons. This is not 414 

only due to a smaller RFP-positive cell population, the fraction of LHX1/5-expressing cells in the 415 

RFP-positive population is also reduced by 13% (n = 7-9, two-tailed t test, t14 = 4.966, P = 0.0002), 416 

meaning that a substantial amount of pRFP-MCT8-RNAi-transfected cells did not differentiate into 417 

this cell type. Intriguingly, the number of LHX1/5-expressing cells in the untransfected population is 418 

also decreased by approximately 24% (n = 7-9, Mann-Whitney U test, P = 0.0229) (fig 7D). Taking 419 

into account that there is no loss of cells in the untransfected population (fig 2D, E), this means that 420 

the reduced differentiation into GABAergic neurons could at least in part be the result of disrupted 421 

intercellular signalling.  422 
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Discussion 423 

The aim of the present study was to examine which cellular processes, necessary for establishing a 424 

layered cortex, are affected by MCT8 deficiency at the level of the neural progenitors. Although 425 

previous studies using Mct8 knockout mice have provided crucial insights regarding the function of 426 

MCT8 in peripheral tissues, these mice do not replicate the neurological component of AHDS 427 

(Dumitrescu et al., 2006; Trajkovic et al., 2007), most-likely due to the compensatory role of the 428 

organic anion transporting polypeptide (OATP1C1) (Mayerl et al., 2012). Accordingly, Mct8/Oatp1c1 429 

double knockout mice do show a state of deep cerebral hypothyroidism, and display compromised 430 

cerebral development and impaired locomotor behaviour. However, as OATP1C1 is predominantly 431 

expressed at the blood-brain barrier, the question emerged to what extent the neurological 432 

abnormalities can be explained solely by the block of TH entry into the brain (Mayerl et al., 2014). 433 

Strong expression of Mct8 in the ventricular zone of the early cerebral cortex in rodents (Mohan et al., 434 

2012; Mayerl et al., 2014) as well as the presence of ligand-occupied TH receptors during early 435 

neurogenesis in mouse (Flamant et al., 2002; Quignodon et al., 2004) and human (Ferreiro et al., 1988) 436 

suggests an additional role for MCT8 facilitating T3 uptake at the level of neural progenitor cells 437 

themselves. We investigated this hypothesis using the chicken TeO, which strongly expresses MCT8 438 

throughout the early stages of development (Geysens et al., 2012) and shares several structural and 439 

developmental features with the mammalian cerebral cortex (LaVail and Cowan, 1971; Nomura et al., 440 

2009; Lever et al., 2014).  441 

Our electroporation procedure proved efficient in targeting neural progenitor cells in vivo. We have 442 

confirmed MCT8 knockdown until the end point of the study, and demonstrated reduced intracellular 443 

TH signalling at an early stage. MCT8 deficiency resulted in reduced tectal thickness and cellular 444 

hypoplasia, and we gathered strong evidence that cell cycle defects and limited progenitor cell pool 445 

expansion are accountable for this phenotype. Likewise, the cerebrocortical neuro-epithelium of 446 

prenatal rats born from hypothyroid dams shows a reduced number as well as a scattering of S-phase 447 

cells (Pathak et al., 2011; Mohan et al., 2012). The latter observation is indicative for a shorter cell 448 

cycle length as cells progress more rapidly towards the M-phase. A concomitant tendency to more 449 
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asymmetrical divisions suggests that the MCT8-deficient progenitor cell pool prematurely shifts to 450 

neuroblast-generating behaviour. While this initially favours neuroblast production, it probably 451 

quickly exhausts the progenitor cell pool resulting in a hypoplastic cortex (Dehay and Kennedy, 2007). 452 

Similar effects could explain the reduced thickness of the outer cortical layers seen in Mct8/Oatp1c1 453 

double knockout mice (Mayerl et al., 2014) and these observations are in line with the permanent 454 

neuronal loss in the early TH-deficient rat cortex (Mohan et al., 2012). Conversely, T3 administration 455 

increased tectal cell proliferation and neurogenesis in Xenopus (Thompson and Cline, 2016). An 456 

increasing amount of evidence from epidemiological studies indeed confirms the necessity of TH 457 

action in promoting neurogenesis events in the first trimester of pregnancy (Berbel et al., 2010; 458 

Willoughby et al., 2014; Moog et al., 2017).  459 

Our most distinctive observation was the failure of MCT8-deficient cells to reach the outer TeO 460 

layers. The RELN gene encoding the glycoprotein reelin, known to be secreted by Cajal-Retzius 461 

neurons in the early mammalian cerebral cortex (Park and Curran, 2014), proves to be one of the 462 

affected genes. The current hypothesis is that the binding of reelin to post-mitotic neuroblasts 463 

provokes an intracellular signalling cascade that allows them to properly migrate towards the pia. 464 

Endocytosis of this substrate-receptor complex reduces activity of the signalling cascade and 465 

subsequently stops cell migration (Chai and Frotscher, 2016). Reeler mice possessing a mutant Reln 466 

gene consequently display impaired migration of neuronal cells to the outer cortex resulting in a loss 467 

of the layered pattern (D'Arcangelo et al., 1995). Reelin could have a similar action in radial cell 468 

migration in the chicken TeO (Nomura et al., 2009; Lever et al., 2014), and the reduced secretion of 469 

reelin by MCT8-deficient cells could disrupt this mechanism. In line with this, foetal rats from 470 

hypothyroid dams also display reduced reelin secretion by Cajal-Retzius cells and subsequent 471 

impaired cell migration (Pathak et al., 2011). A recent study suggests that reduced secretion of reelin 472 

might be the consequence of an indirect effect on the generation and/or differentiation of 473 

reelin-producing cells themselves (Gil-Ibanez et al., 2017), and correspondingly suggests that reduced 474 

reelin secretion in the MCT8-deficienct TeO could be due to the impaired neurogenesis.  475 
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Reelin signalling is also linked to correct alignment of RGC fibres (Noctor et al., 2001; Nomura et al., 476 

2009), and MCT8 deficiency seems to disrupt the scaffold they form for neuronal migration. This 477 

would explain why our MCT8-deficient cells appear as a more chaotic collection of migrating neurons 478 

contrasting the columnar organisation in the control condition. The impaired radial migration from the 479 

ventricular zone towards the outer cortical regions resembles observations in TH-deficient 480 

corticogenesis in rodents (Bernal et al., 2003). The sparse presence of reelin-secreting cells also 481 

coincides with disorganised RGC fibre alignment in the avian telencephalon where layers are absent 482 

(Nomura et al., 2008). Hence, the accumulation of MCT8-deficient cells in the inner layers of the TeO 483 

shows all the signs of the loss of the inside-out gradient.  484 

Finally, we have shown that MCT8 deficiency affects neuronal differentiation. A noticeable 485 

observation is the fact that almost all GABAergic cells seem to originate from the ventricular zone, 486 

contrasting the mammalian situation where they originate from the ganglionic eminences and migrate 487 

tangentially to their final position in the cerebral cortex (Corbin and Butt, 2011). The generation of 488 

GABAergic neurons was drastically impaired in the MCT8-deficienct TeO, while the number of 489 

glutamatergic cells were probably only reduced due to earlier proliferation deficits. Previous studies 490 

already described the strong TH sensitivity of GABAergic neuronal differentiation in rat (Manzano et 491 

al., 2007) and human (Coghlan et al., 2012), and in chicken a substantial amount of early 492 

MCT8-deficient Purkinje cells did not express LHX1/5 (Delbaere et al., 2017). Mct8/Oatp1c1 double 493 

knockout mice also showed a profoundly compromised GABAergic neural network (Mayerl et al., 494 

2014) and mct8 mutant zebrafish displayed circuit-specific deficiencies leading to altered behaviour 495 

(Zada et al., 2014). MCT8 deficiency might therefore interfere with the generation of neuronal 496 

diversity in the cortex and cause an imbalanced cortical circuit. Hyperexcitability caused by reduced 497 

inhibitory synaptic input has been linked to increased susceptibility to seizures and is commonly 498 

associated with neuropsychiatric disorders (Kumar and Buckmaster, 2006; Chao et al., 2010). 499 

Epileptic seizures have been reported in AHDS patients, although not frequently (Schwartz et al., 500 

2005; Novara et al., 2017), and loss of parvalbumin expression was observed in the cerebral cortex of 501 

an MCT8-deficient human foetus (Lopez-Espindola et al., 2014). Furthermore, neurological symptoms 502 
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including hyperreflexia, contractures and dyskinesia associated with AHDS (Schwartz et al., 2005) 503 

suggest disrupted signal processing in specific cortical circuits, often seen in congenital disorders 504 

(Rubenstein, 2011). These defects are also suggested to be a by-product of migratory defects (Auso et 505 

al., 2004; Berbel et al., 2014). Intriguingly, differentiation into GABAergic neurons was also 506 

significantly reduced in the untransfected cell population of the TeO. These non-autonomous effects 507 

could be reminiscent of a study in the chicken cerebellum where MCT8-deficient Purkinje cells 508 

reduced proliferation of granule cells and obstructed their migration (Delbaere et al., 2017). This 509 

means that the effect of MCT8 deficiency in even one cell population could have widespread 510 

consequences for the development of the cortex as a whole.  511 

We have shown that MCT8-dependent TH uptake by neural progenitor cells might be essential during 512 

the early stages of corticogenesis as MCT8 deficiency affects a variety of processes including cell 513 

proliferation, migration and differentiation, ultimately disrupting TeO development (summarised in fig 514 

8). Although available data so far indicate that the primary cause of AHDS-related symptoms is due to 515 

failure of THs to cross the blood-brain barrier (Ceballos et al., 2009; Vatine et al., 2017), MCT8 seems 516 

to claim an additional, pivotal role in defining the availability of THs in neural progenitor cells 517 

themselves during early corticogenesis, independent of the immature blood-brain barrier. Furthermore, 518 

our observations support the notion that brain lesions in AHDS patients are most-likely the result of 519 

locally reduced cellular TH signalling (Visser and Visser, 2012; Lopez-Espindola et al., 2014), and at 520 

least in part originate before birth, possibly in the first trimester of gestation (Berbel et al., 2009; 521 

Willoughby et al., 2014). This forces us to reconsider the time window in which any therapeutical 522 

intervention in AHDS should be commenced (Groeneweg et al., 2017) and could have consequences 523 

for testing treatments that are now primarily focused on circumventing MCT8-dependent TH uptake at 524 

the brain barriers during postnatal stages (Kersseboom et al., 2014; Iwayama et al., 2016; Vatine et al., 525 

2017). Moreover, it supports the concept of TH-dependent action from very early stages of 526 

corticogenesis (Preau et al., 2015; Andersen et al., 2017; Gil-Ibanez et al., 2017; Moog et al., 2017). In 527 

any case, future studies using both in vitro and in vivo models for MCT8 deficiency are needed to 528 
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verify the possible crucial function of MCT8 in progenitor cells and determine the underlying 529 

mechanisms of its action.  530 
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Figure legends 733 

Figure 1: pRFP-MCT8-RNAi transfection results in reduced MCT8 protein expression and TH 734 

signalling. (A) Injection of the green solution containing the pRFP-RNAi or pRFP-MCT8-RNAi 735 

vector into the third ventricle, and subsequent electroporation at E3 using a Tweezertrode with the 736 

positively charged electrode placed under the left mesencephalon. (B) Successful transfection of the 737 

left optic lobe visualised by extensive RFP expression at E6. For analysing TH signalling (D, E) 738 

coronal sections were made through the embryonic head (white dotted line). (C) Western Blot 739 

showing pRFP-MCT8-RNAi transfection results in a partial downregulation of MCT8 protein levels in 740 

the mediolateral optic lobe at E12 (containing transfected as well as untransfected cells) in control and 741 

MCT8 knockdown condition. A scatter plot (including mean ± SD) of the relative signal intensity in 742 

the MCT8 monomer band shows an average loss of 50% of protein expression. (D) Representative 743 

pictures of transfection sites in the E6 TeO of three different embryos, showing most cells transfected 744 

with the pRFP-RNAi vector (red) overlap with green signal (white arrows), indicative for TH 745 

signalling. The green signal is the result of the formation of a green light emitting precipitate by the 746 

AP expressed from the pTRE-AP. Scale bar: 20 μm. Most cells transfected with the 747 

pRFP-MCT8-RNAi vector show a strong reduction or even complete absence of GFP expression 748 

(white dotted arrows). Control: pRFP-RNAi transfection, MCT8-KD (knockdown condition): pRFP-749 

MCT8-RNAi transfection. AP: alkaline phosphatase, OL: optic lobe, Tel: telencephalon. *P < 0.05. 750 

Figure 2: MCT8 knockdown results in a hypoplastic TeO. (A) Side view of the caudal brain at E12 751 

showing successful transfection of the left optic lobe visualised by extensive RFP expression. All 752 

analyses were performed on coronal sections through the optic lobes in the mid-region along the 753 

rostro-caudal axis (white dotted line). (B) Strong RFP expression is observed throughout the TeO as 754 

well as the diencephalon in the control condition. A detailed picture of the white box in the left panel 755 

shows the layered structure of the TeO and the applied nomenclature. A region of interest (ROI) was 756 

consistently selected (right panel, white box) to perform cell counting. Scale bar left panel: 1 mm, 757 

right panel: 100 μm. (C) RFP expression is predominantly present in the inner region of the TeO in the 758 

MCT8 knockdown condition. A detailed picture of the white box in the left panel reveals the nearly 759 
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complete absence of pRFP-MCT8-RNAi-transfected cells in the outer layers. Cell counting was 760 

performed in an ROI similar to the controls. (D) Scatter plots (including mean ± SD) showing the total 761 

number of cells (DAPI+) and the number of transfected cells (RFP+) in the ROI is reduced following 762 

pRFP-MCT8-RNAi transfection. (E) Bar graphs (including mean ± SD) showing the number of 763 

DAPI+ cells is only reduced in the inner layers, while the number of RFP+ cells is strongly reduced in 764 

all layers. Control: pRFP-RNAi transfection, MCT8-KD (knockdown condition): pRFP-MCT8-RNAi 765 

transfection. Bs: brainstem, Cb: cerebellum, Dien: diencephalon, EP: ependymal layer, OL: optic lobe, 766 

ROI: region of interest, SAC: stratum albumen centrale, SFP: stratum fibrosum periventriculare, 767 

SGC: stratum griseum centrale, SGFS: stratum griseum et fibrosum superficiale, SGP: stratum 768 

griseum periventriculare, SO: stratum opticum, TeO: optic tectum, v: ventricle. **P < 0.01, ***P < 769 

0.001. 770 

Figure 3: MCT8 knockdown disrupts cell cycle kinetics and obstructs progenitor cell pool 771 

expansion. (A) Coronal section through the tectal neuro-epithelium at E4 showing EdU+ (green) and 772 

cells transfected with the pRFP-RNAi vector (red). Many transfected cells are EdU+ and appear as 773 

yellow (white arrows). They are abundantly present in the subventricular zone (right panel, above 774 

white dotted line) and are almost completely absent in the ventricular zone (right panel, white 775 

arrowheads). Scale bar: 20 μm. (B) A strong reduction in EdU+ cells can be observed in pRFP-776 

MCT8-RNAi-transfected regions (white dotted arrows) resulting in a reduced number of yellow cells 777 

(white arrows). EdU+ cells are also frequently present in the ventricular zone (right panel, white 778 

arrowheads). (C) PH3+ cells transfected with the pRFP-RNAi vector (white arrows) are abundantly 779 

present and located at the ventricular border (under white dotted line). Only few transfected cells do 780 

not express PH3 (white dotted arrows). Scale bar: 20 μm. (D) Cells transfected with the pRFP-781 

MCT8-RNAi vector expressing PH3 are more scarce (yellow cells, white arrows). (E) Scatter plots 782 

(including mean ± SD) showing the fraction of EdU+ and PH3+ cells in the RFP+ cell population is 783 

significantly reduced following pRFP-MCT8-RNAi transfection. (F) PH3+ cells in meta- and anaphase 784 

were used to determine the orientation of the mitotic spindle. Theoretically, a vertical division (90°) 785 

produces two new progenitors, while a horizontal division (0°) produces a new progenitor cell and a 786 
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neuroblast. A scatter plot (including mean ± SD) shows the angle of the mitotic plane is on average 787 

17° lower in the MCT8 knockdown condition. Each dot represents a mean angle of at least 10 PH3+ 788 

cells per animal. Control: pRFP-RNAi transfection, MCT8-KD (knockdown condition): pRFP-MCT8-789 

RNAi transfection, n: neuroblast, p: progenitor. **P < 0.01, ***P < 0.001. 790 

Figure 4: MCT8 knockdown causes impaired neurogenesis and migration of early- and late-791 

born cells. (A) Experimental set-up of the EdU birth dating experiment. Following electroporation at 792 

E3, EdU was administered at E4 (predominantly labelling early-born, type I neuroblasts) or E6 793 

(predominantly labelling late-born, type II neuroblasts), and samples were taken at E8 (during 794 

migration) or E12 (migration finished). (B) At E8, EdU+ early-born cells transfected with the 795 

pRFP-RNAi vector (yellow) are predominantly present in the outer tectal layer (left panels). Detailed 796 

images of the white boxes show many yellow cells (white arrows) in the TP (upper box) and only few 797 

in the VZ (lower box). Late-born cells transfected with the pRFP-RNAi vector are spread across all 798 

tectal layers (white arrows, right panels). Untransfected, EdU+ cells (green) follow a similar pattern of 799 

migration. Scale bar large panels: 50 μm, detailed images: 10 μm. (C) Early-born, pRFP-MCT8-800 

RNAi-transfected EdU+ cells (yellow) are only present in the inner layers of TeO (left panels, white 801 

arrows), while untransfected, EdU+ cells (green) are predominantly present in the outer tectal layer. In 802 

contrast, EdU+ late-born pRFP-MCT8-RNAi-transfected cells (yellow) are observed in all tectal layers 803 

(white arrows, right panels) as are untransfected, EdU+ cells. (D) Graphs (mean ± SD) showing the 804 

distribution of untransfected, EdU+ cells (green squares) and transfected EdU+ cells (yellow squares) 805 

across the tectal layers in the ROI at E8 was plotted as relative values, the sum of each population 806 

being 1. pRFP-MCT8-RNAi-transfected cells labelled with EdU at E4 clearly deviate from the normal 807 

migratory pattern (left graph, yellow squares), while cells labelled with EdU at E6 seem unaffected at 808 

E8 (right graph). Notice that EdU+ cells transfected with the pRFP-RNAi vector as well as 809 

untransfected, EdU+ cells all follow the normal migratory pattern. (E) The same analysis in the ROI at 810 

E12 reveals blocked migration of early-born as well as late-born cells, as almost all pRFP-811 

MCT8-RNAi-transfected, EdU+ cells are located in the inner layers. (F, G) Neurogenesis in the 812 

population of early-born and late-born cells was calculated as the fraction of transfected, EdU+ cells 813 
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relative to the total EdU+ population. Scatter plots (including mean ± SD) show neurogenesis in the 814 

early-born as well as the late-born pRFP-MCT8-RNAi-transfected cell population is significantly 815 

reduced. Control: pRFP-RNAi transfection, MCT8-KD (knockdown condition): pRFP-MCT8-RNAi 816 

transfection. IZ: intermediate zone, ROI: region of interest, TP: tectal plate, VZ: ventricular zone. *P < 817 

0.05, **P < 0.01, ***P < 0.001. 818 

Figure 5: Reduced reelin expression together with disorganised radial glial cell fibres could 819 

underlie impaired cell migration. (A) Reelin protein (green) is observed in the mantle zone of 820 

coronal sections through the TeO at E6. A detailed image of the white box shows many cells 821 

transfected with the pRFP-RNAi vector are reelin+ (white arrows, right panels). Scale bar left panels: 822 

50 μm, detailed images: 20 μm. (B) The number of pRFP-MCT8-RNAi-transfected cells expressing 823 

reelin+ is reduced (white arrows, right panels). (C) The thickness of the reelin+ layer was measured in 824 

the mantle zone of the transfected side and in the mantle zone of the opposing, untransfected side. 825 

Each value represents 10 measurements per animal. The number of reelin+ cells was counted in two 826 

strongly transfected regions of the transfected side (white boxes (20 x 20 μm²) in A and B), and in two 827 

corresponding boxes of the opposing, untransfected side. Scatter plots (including mean ± SD) show 828 

the thickness of the reelin+ layer as well as the number of reelin+ cells is significantly reduced 829 

following pRFP-MCT8-RNAi transfection. (D) Coronal section through the E6 TeO shows that RGC 830 

fibres run parallel, reach the basal border of the TeO (right panel, white arrowheads) and are 831 

associated with radial columns of RFP+ cells in the control condition. Scale bar: 20 μm. (E) MCT8 832 

knockdown causes disorganisation of RGC fibres, which do not always reach the basal border (white 833 

arrowheads) and are less dense. pRFP-MCT8-RNAi-transfected cells are more randomly clustered, 834 

and the columnar organisation is partially lost. Control: pRFP-RNAi transfection, MCT8-KD 835 

(knockdown condition): pRFP-MCT8-RNAi transfection. MZ: mantle zone, VZ: ventricular zone. **P 836 

< 0.01, ***P < 0.001. 837 

Figure 6: MCT8 knockdown causes a reduction in glutamatergic neurons at E12. (A) Coronal 838 

section through the TeO at E12 showing a clear presence of BRN3a+ cells (green). Large pyramidal 839 

neurons can be observed in the SGC-SFP, while BRN3a+ neurons are also densely packed in the SGFS 840 
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g and i. An ROI was selected to perform cell counting. Magnifications of white boxes 1 and 2 show a 841 

substantial amount of cells transfected with the pRFP-RNAi vector also express BRN3a (yellow, white 842 

arrows), while others do not (white dotted arrows). Scale bar left panel: 100 μm, detailed images: 10 843 

μm. (B) BRN3a+ cells are less abundant following MCT8 knockdown. Magnifications of white boxes 844 

3 and 4 show that pRFP-MCT8-RNAi-transfected cells did not reach the outer layers where no yellow 845 

cells are detected. On the contrary, a considerable amount of yellow cells (white arrows) are still 846 

present in the inner layers, although not as dense as in the control condition. Transfected cells that do 847 

not express BRN3a are also observed (white dotted arrows). (C) Scatter plot (including mean ± SD) 848 

showing the total number of BRN3a+ cells in the ROI is reduced following pRFP-MCT8-RNAi 849 

transfection. The bar graph (including mean ± SD) indicates this loss occurs in the inner layers. (D) 850 

Scatter plots (including mean ± SD) showing the fraction of BRN3a+ cells in the RFP+ population as 851 

well as the number of untransfected BRN3a+ cells in the ROI is unaltered. Control: pRFP-RNAi 852 

transfection, MCT8-KD (knockdown condition): pRFP-MCT8-RNAi transfection. **P < 0.01, ***P < 853 

0.001. 854 

Figure 7: MCT8 knockdown causes a reduction in GABAergic neurons at E12. (A) Coronal 855 

section through the TeO at E12 showing the presence of LHX1/5+ cells (green), especially dense in the 856 

SGFS i. Magnifications of white boxes 1 and 2 show a substantial amount of cells transfected with the 857 

pRFP-RNAi vector express LHX1/5 (yellow, white arrows) while others do not (white dotted arrows). 858 

Scale bar left panel: 100 μm, detailed images: 10 μm. (B) The number of LHX1/5+ cells in the ROI is 859 

significantly reduced following MCT8 knockdown. Magnifications of white boxes 3 and 4 show only 860 

few pRFP-MCT8-RNAi-transfected cells express LHX1/5 (white arrowheads), while most of them do 861 

not (white dotted arrows). (C) Scatter plot (including mean ± SD) showing the total number of 862 

LHX1/5+ cells in the ROI is strongly reduced. The bar graph (including mean ± SD) reveals this is the 863 

consequence of a major cell loss in various tectal layers. (D) Scatter plot (including mean ± SD) 864 

showing the fraction of LHX1/5+ cells in the pRFP-MCT8-RNAi-transfected population as well as the 865 

number of LHX1/5+ cells in the untransfected population in the ROI is strongly reduced. Control: 866 
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pRFP-RNAi transfection, MCT8-KD (knockdown condition): pRFP-MCT8-RNAi transfection. *P < 867 

0.05, **P < 0.01, ***P < 0.001. 868 

Figure 8: Schematic model summarising how MCT8 deficiency in neural progenitors could disrupt 869 

cellular processes crucial for early corticogenesis. 870 


















