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Abstract40 

Open spina bifida (OSB) is one of the most prevalent congenital malformations of the central nervous 41 

system that often leads to severe disabilities. Previous studies reported the volume and thickness of the 42 

neocortex to be altered in children and adolescents diagnosed with OSB. Until now, the onset and the 43 

underlying cause of the atypical neocortex organization in OSB patients remain largely unknown. To 44 

examine the effects of OSB on foetal neocortex development, we analysed human foetuses of both 45 

sexes diagnosed with OSB between 11-15 weeks of gestation by immunofluorescence for established 46 

neuronal and neural progenitor marker proteins and compared the results with healthy controls of the 47 

same, or very similar, gestational age. Our data indicate that neocortex development in OSB foetuses 48 

is altered as early as 11 weeks of gestation. We observed a marked reduction in the radial thickness of 49 

the OSB neocortex, which appears to be attributable to a massive decrease in the number of deep- and 50 

upper-layer neurons per field, and found a marked reduction in the number of basal progenitors (BPs) 51 

per field in the OSB neocortex, consistent with an impairment of cortical neurogenesis underlying the 52 

neuronal decrease in OSB foetuses. Moreover, our data suggest that the decrease in BP number in the 53 

OSB neocortex may be associated with BPs spending a lesser proportion of their cell cycle in M-54 

phase. Together, our findings expand our understanding of the pathophysiology of OSB and support 55 

the need for an early foetal therapy, i.e. in the first trimester of pregnancy. 56 
57 

Significance Statement  58 

Open spina bifida (OSB) is one of the most prevalent congenital malformations of the central nervous 59 

system. This study provides novel data on neocortex development of human OSB foetuses. Our data 60 

indicate that neocortex development in OSB foetuses is altered as early as 11 weeks of gestation. We 61 

observed a marked reduction in the radial thickness of the OSB neocortex, which appears to be 62 

attributable a decrease in the number of deep- and upper-layer neurons per field, and found a marked 63 

reduction in the number of basal progenitors per field, indicating that impaired neurogenesis underlies 64 

the neuronal decrease in OSB foetuses. Our findings support the need for an early foetal therapy and 65 

expand our understanding of the pathophysiology of OSB. 66 
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Introduction 67 

Open spina bifida (OSB), also referred to as myelomeningocele or spina bifida aperta, is a congenital 68 

malformation of the central nervous system caused by the incomplete closure of the neural tube at the 69 

end of the first month of pregnancy (Mitchell et al., 2004; Fletcher and Brei, 2010; Greene and Copp, 70 

2014; Copp et al., 2015; Brei and Houtrow, 2017). OSB is associated with a very high prevalence, 71 

affecting around 1 per 1000 births worldwide (Copp et al., 2015). About three-fourths of the affected 72 

children survive to adulthood; however, they live with significant, lifelong morbidity including 73 

intellectual and psychosocial abnormalities, bowel and bladder dysfunction, and orthopedic disabilities 74 

(Bowman et al., 2001). Brain anomalies that are characteristically associated with OSB include 75 

hypoplasia of the corpus callosum, Arnold-Chiari malformation (type II) and foetal-onset 76 

hydrocephalus (Adzick, 2013; Greene and Copp, 2014; Smith and Krynska, 2015). Previous studies 77 

reported the neocortex to be structurally altered in children with OSB relative to a normally 78 

developing control group (Fletcher et al., 2005; Juranek et al., 2008; Juranek and Salman, 2010; Treble 79 

et al., 2013). Specifically, neocortical volume and surface area were found to be decreased in 80 

neocortical regions posterior to the frontal lobe including the cingulate, temporal, parietal and occipital 81 

lobe of children with OSB when compared to healthy controls (Fletcher et al., 2005; Juranek et al., 82 

2008). Moreover, alterations in neocortical thickness were observed in the neocortex of OSB 83 

individuals with inferior parietal and temporal regions, exhibiting a thinner neocortex relative to the 84 

control group (Juranek et al., 2008; Juranek and Salman, 2010; Treble et al., 2013). Until now, the 85 

onset as well as the underlying cause of this atypical neocortex organization in OSB patients remain 86 

largely unknown.  87 

The neocortex contains six neuronal layers with two major classes of neurons: glutamatergic 88 

projection neurons (approximately 80%) that are born in the dorsal telencephalon and migrate radially 89 

into the cortical plate (CP) in a birth date-dependent inside-out manner, and GABAergic interneurons 90 

(approximately 20%) that are mainly born in the ventral telencephalon and migrate tangentially to 91 

reach their destination in the developing neocortex (Wonders and Anderson, 2006; Han and Sestan, 92 

2013; Hansen et al., 2013). The overwhelming majority of neocortical neurons is generated during 93 

embryonic and foetal development. Projection neurons mainly originate from two types of neural 94 

progenitor cells (NPCs): apical progenitors (APs) and basal progenitors (BPs) (Florio and Huttner, 95 

2014; De Juan Romero and Borrell, 2015; Montiel et al., 2016; Namba and Huttner, 2017). APs are 96 

the primary NPCs, the cell bodies of which reside in the ventricular zone (VZ), the apical-most layer 97 

of the developing cortical wall. They comprise neuroepithelial cells (NECs), which transform into 98 

apical (or ventricular) radial glia (aRG) at the onset of neurogenesis (Kriegstein and Götz, 2003; Götz 99 

and Huttner, 2005), and the apical intermediate progenitors (aIPs), also known as short neural 100 

precursors (Gal et al., 2006; Stancik et al., 2010). All three AP subtypes display apical cell polarity 101 

and a basal process, which spans the cortical wall throughout the cell cycle in NECs and aRG, and 102 

retracts from the basal lamina for mitosis in aIPs (Rakic, 1972; Aaku-Saraste et al., 1997; Chenn et al., 103 
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1998; Götz and Huttner, 2005; Gal et al., 2006; Marthiens and ffrench-Constant, 2009). Before the 104 

onset of neurogenesis, NECs mainly undergo symmetric proliferative divisions (Rakic, 1995). With 105 

the onset of neurogenesis, aRG start dividing asymmetrically, thereby giving rise to BPs that 106 

accumulate in the subventricular zone (SVZ), adjacent to the VZ (Haubensak et al., 2004; Miyata et 107 

al., 2004; Noctor et al., 2004). BPs lack apical cell polarity and comprise two major subtypes, the 108 

process-lacking basal intermediate progenitors (bIPs) and the process-containing basal (or outer) radial 109 

glia (bRG) (Attardo et al., 2008; Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011). In contrast 110 

to rodent BPs, which mostly undergo symmetric neurogenic (i.e. consumptive) divisions, the majority 111 

of human BPs is able to proliferate and to self-renew. This higher proliferative potential results in a112 

massively expanded SVZ and leads to a higher neuronal output and thus a more expanded neocortex in 113 

humans and non-human primates (Hansen et al., 2010; Lui et al., 2011; Betizeau et al., 2013; Gertz et 114 

al., 2014; Molnar and Pollen, 2014; De Juan Romero and Borrell, 2015; Namba and Huttner, 2017). 115 

To examine the effects of OSB on foetal neocortex development, we analysed human foetuses 116 

diagnosed with OSB between 11-15 weeks of gestation by immunofluorescence for neuronal and NPC 117 

marker proteins and compared the results with healthy controls of the same, or very similar, 118 

gestational age. Our data indicate that the radial thickness of the developing cortical wall is markedly 119 

reduced in the developing OSB neocortex and that the number of deep- and upper-layer neurons per 120 

field is massively decreased in affected foetuses, which does not seem to be attributable to cell death. 121 

Instead, we found a marked reduction in the number of BPs per field, suggesting that impaired 122 

neurogenesis underlies the neuronal decrease in OSB foetuses. Moreover, our data indicate that BPs 123 

spend a lesser proportion of their cell cycle in M-phase, thus providing evidence for the notion that the 124 

decrease in BP number per field observed in the developing OSB neocortex may be associated with 125 

alterations in the BP cell cycle. Together, our findings provide significant insights into the 126 

pathophysiology of OSB and support the importance of an early foetal therapy.  127 

128 
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Materials and Methods 129 

Brain tissue130 

A total of four human control and four OSB foetuses of either sex were used in this study. The age of 131 

the foetuses of the OSB group ranged from 11 to 15 weeks of gestation (wg): 11 wg (11 wg + 1 day of 132 

gestation (dg)), 12 wg (12 wg + 2 dg), 15 wg (15 wg + 1 dg, 15 wg + 6 dg). The age of the foetuses of 133 

the control group ranged from 10 to 16 weeks of gestation:  10 wg (10 wg + 0 dg), 12 wg (12 wg + 0 134 

dg), 15 wg (15 wg + 5 dg), 16 wg (16 wg + 1 dg).  135 

All OSB and control foetuses, except for the 16 wg control brain (see below), were obtained 136 

from the Klinik und Poliklinik für Frauenheilkunde und Geburtshilfe, University Hospital Carl Gustav 137 

Carus of the Technische Universität Dresden, Germany. The age of the foetuses was assessed by 138 

ultrasound measurements of crown-rump length and/or other criteria of developmental stage 139 

determination. Brain tissue was obtained with informed written maternal consent, with approval of the 140 

local University Hospital Ethical Review Committees. Pregnancies were carefully investigated by 141 

ultrasound. The ultrasound equipment used was Philips EPIQ 7G (Bothell, USA), 4D-Offline-Analysis 142 

Software QLAB 10.1, transducers C9-2, C5-1, X5-1, X6-1, C10-3v, L12-3, L18-5, V6-2, L12-5) and 143 

GE E8 Expert (Zipf, Austria), 4D Offline -Analysis Software 4DView 17, transducers RAB 4-8-D, 144 

RIC 6-12-D). Data assessed in all sessions included loops sagittal/para-sagittal views of the foetal 145 

head, brain and face at 11-13 weeks and DICOM-data. The midsagittal view was used for 146 

measurement of nuchal translucency. Pregnancies of the OSB group were terminated after prenatal 147 

diagnosis of OSB. All foetal brains of the OSB group showed a brain stem (BS)/brain stem to occipital 148 

bone (BSOB) ratio above the 95th centile, a Single-Line-Sign and cisterna magna width <5th centile. In 149 

all foetal brains of the OSB group, neural tube defect was visible in the direct assessment of the foetal 150 

spine (Lachmann et al., 2011; Scheier et al., 2011). Pregnancies of the control group were terminated 151 

on the basis of social or medical indication. Only medical indications not known to affect brain 152 

development (e.g., amnion infection) were included in the present study. In all foetal brains of the 153 

control group, the BS/BSOB ratio and cisterna magna width were in normal range, the Two-Line-Sign 154 

was visible, and the direct assessment of the foetal spine showed no sign of abnormalities (Fig. 1). 155 

After surgical abortion, foetuses were immediately placed at 4°C, and brains were dissected in ice-cold 156 

PBS, fixed for at least 24 h at 4 C in 4% paraformaldehyde in 120 mM phosphate buffer pH 7.4, and 157 

stored in PBS at 4°C until processing. 158 

Paraformaldehyde-fixed neocortical tissue from a human 16 wg control fetus (age 159 

determination by standard criteria) was obtained from the Human Development Biology Resource 160 

(HDBR), provided by the Joint MRC/Wellcome Trust (MR/R006237/1) Human Developmental 161 

Biology Resource (http://www.hdbr.org), as described previously (Kalebic et al., 2019).  162 

163 

Immunocytochemistry 164 
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Brain tissue was dehydrated in 30% sucrose in PBS until it sank to the bottom, embedded in Tissue-165 

Tek (Sakura Finetek) and stored at 20°C. Cryosections were cut at 14-16 m and stored at 20°C.166 

Telencephalon was cut coronally. All sections were heated for 1 h at 90°C in 0.01 M citrate buffer (pH 167 

6), permeabilized with 0.3% Triton X-100 in PBS, quenched with 0.1 M glycine and subjected to an 168 

immunohistochemistry protocol as described previously (Fietz et al., 2010). Primary antibodies were 169 

incubated overnight at 4°C, and secondary antibodies were incubated for 1 h at room temperature. The 170 

following primary antibodies were used: Tbr1 (1:200, Millipore, AB10554), Brn2 (1:200, Santa Cruz, 171 

sc-6029), Ki67 (1:200, DakoCytomation, M 7240), Pax6 (1:100, Biozol, BLD-901301), Tbr2 (1:100, 172 

R&D Systems, AF6166), nestin (1:200, abcam, ab27952), GFAP (1:200, Sigma, G3893), Par3 (1:200, 173 

Millipore, 07-330), aPKC (1:200, BD Transduction Laboratories, 610207), ZO-1 (1:200, Invitrogen, 174 

33-9100), activated caspase 3 (1:200, C8487, Sigma) and PH3 (1:200, Millipore, 06-570). Donkey 175 

secondary antibodies coupled to Alexa 488, 555, 647 (1:500, Life Technologies) were used. All 176 

sections were counterstained with DAPI (1:500, Sigma), mounted in Mowiol (Merck Biosciences) and 177 

kept at 4°C. 178 

179 

Image acquisition  180 

Fluorescence images used for quantification of cells were acquired with a Zeiss LSM 510 or Leica181 

SP8 confocal laser-scanning microscope, using a 40x objective. Fluorescence images used for radial 182 

thickness measurement were acquired with a Leica SP8 confocal laser-scanning microscope or a Zeiss 183 

Axioplan 2 OptiGrid confocal microscope, using 10x or 20x objectives. All images shown represent 184 

single optical sections and were processed using Fiji or Photoshop software (Adobe). Cortical zones 185 

were identified as described previously (Fietz et al., 2010; Sauerland et al., 2018). In brief, the VZ was 186 

identified as a densely packed cell layer that lines the lateral ventricle and whose nuclei exhibit radial 187 

morphology. The SVZ was identified as a cell layer adjacent to the VZ that exhibit a looser and 188 

sparser cell arrangement than the VZ. The intermediate zone (IZ) was identified as a cell layer 189 

between the SVZ and the CP that exhibit a very low cell density. The CP was identified as a densely 190 

packed cell layer adjacent to the IZ. 191 

192 

Experimental design and statistical analysis 193 

Quantification of cells for the parameters indicated was performed on 3 different cortical sections of 194 

each brain using Fiji software with a Multiclass Cell Counter plug-in (Schindelin et al., 2012). The 195 

fluorescence signal of single channels was counted using grayscale colour. Neuronal and NPC cell 196 

counts were expressed as number of cells per 100 m ventricular surface and were compared between 197 

the control and OSB groups using two-tailed unpaired Student’s t-test, p-values below 0.05 were 198 

considered significant. The radial thickness of the entire cortical wall, the cortical zones (VZ, SVZ/IZ, 199 

CP) and the length of the ventricular surface were determined using Fiji software. Quantification of 200 

the radial thickness of the cortical wall and zones was performed on 2 different cortical sections of 201 
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each brain. Plots showing radial thickness of the cortical wall, neuronal, NPC and PH3 cell counts 202 

were generated in GraphPad Prism software. Cell counts shown represent mean ± S.E.M. Radial 203 

thicknesses shown represent mean ± individual variation from the mean. Development of differences 204 

in radial thickness of the cortical wall, neuronal and NPC cell counts between OSB neocortex and 205 

corresponding controls over time were analyzed in R 3.5.3 (R Core Team, 2019) applying the 206 

multcomp package, version 1.4-10 (Hothorn et al., 2008). For this, the mean value of each parameter 207 

was compared between the OSB neocortex and corresponding controls at 10/11, 12 and 15 gestational 208 

weeks, respectively, using analysis of variance (ANOVA) considering OSB samples and 209 

corresponding controls as grouping factor. In cases where values were available from two OSB 210 

samples, contrasts were analyzed with both OSB samples being equally weighted. To analyze whether 211 

differences in the mean value of each parameter between OSB and control samples differ between the 212 

individual gestational weeks, pairwise differences were compared as previously described (Altman 213 

and Bland, 2003). Plots showing differences of indicated parameters were generated in R 3.5.3 (R 214 

Core Team, 2019). Differences represent mean ± 95% confidence interval.215 
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Results 216 

Radial thickness is markedly reduced in the foetal OSB neocortex  217 

We first examined if and, if so, to what extent, the telencephalic diameter, i.e. the radial thickness, of 218 

the neocortex is altered during foetal development between 10-15 gestational week healthy controls 219 

and 11-15 gestational week foetuses diagnosed with OSB, all obtained and processed under identical 220 

conditions. To this end, we analysed sections of the neocortex stained with DAPI, which allows the 221 

distinction of the various cortical zones based on their nucleoarchitecture. This revealed that the radial 222 

thickness of the cortical wall was markedly reduced in foetuses with OSB when compared with 223 

controls of the same, or very similar, gestational age (Fig. 2A–D). Importantly, this reduction was 224 

detected at all gestational stages, with its magnitude being greatest at 15 weeks of gestation (Fig. 2D; 225 

Fig. 3A). Of note, analysis of the individual cortical zones showed that the reduction in radial 226 

thickness was more pronounced for the CP and the SVZ/IZ than for the VZ (Fig. 2E).  227 

228 

Both deep-layer and upper-layer neurons are markedly reduced in the foetal OSB neocortex 229 

To determine the cellular correlate of the reduction in radial thickness, we next analysed cortical 230 

sections for the expression of neuronal markers, i.e. TBR1 and BRN2 characteristically expressed by 231 

early-born, deep-layer neurons and late-born, upper-layer neurons of the CP, respectively (Fig. 4) (He 232 

et al., 1989; Bulfone et al., 1995; Hevner, 2007; Molyneaux et al., 2007; Toma and Hanashima, 2015; 233 

Glatzle et al., 2017). This revealed that in foetuses with OSB, like in control foetuses, TBR1+ neurons 234 

were born first, i.e. before 11 weeks of gestation, and mainly accumulated in the deep layers of the CP 235 

(Fig. 4A, B), whereas BRN2 neurons were born at later stages of cortical development, i.e. after 12 236 

weeks of gestation, and mainly accumulated in the upper layers of the CP (Fig. 4C). Hence, these data 237 

indicated that the general sequence of deep-layer and upper-layer neurogenesis is preserved in foetuses 238 

diagnosed with OSB. Quantification of the TBR1+ and the BRN2+ neurons in the CP showed that 239 

both of these classes of neurons were markedly reduced in the developing neocortex of foetuses 240 

diagnosed with OSB when compared with that of the corresponding controls (Fig. 4D-F). Again, this 241 

reduction was detected at all gestational stages analysed; however, its magnitude was greatest at 15 242 

weeks of gestation (Fig. 4F; Fig. 3B). 243 

244 

The decrease in neuron number in the foetal OSB neocortex is not due to cell death 245 

The decrease in neuron number observed in the neocortex of foetuses diagnosed with OSB could be a 246 

result of increased neuronal cell death. We therefore examined DAPI-stained cortical sections of 247 

control and OSB foetuses for the presence of pyknotic and/or fragmented nuclei. This revealed that the 248 

overwhelming majority of nuclei showed no obvious signs of pyknosis and/or karyorrhexis (data not 249 

shown). To corroborate this, we analysed cortical sections of OSB foetuses by immunohistochemistry 250 

for activated caspase 3 (Fig. 5), a specific marker of programmed cell death (Thornberry and 251 

Lazebnik, 1998; Slee et al., 2001; Lee and McKinnon, 2009). At all stages analysed, the percentage of 252 
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apoptotic cells in the various zones of the OSB neocortex examined was less than 1%, with the lowest 253 

percentage (<0.03%) being observed for the 15 wg CP (Table 1). Thus, the incidence of apoptosis of 254 

progenitor cells and neurons in the foetal OSB neocortex was as low as previously shown for healthy 255 

foetal human neocortex (Simonati et al., 1997; Chan and Yew, 1998; Simonati et al., 1999; Rakic and 256 

Zecevic, 2000) and therefore could not account for the decrease in neuron number observed in the 257 

developing neocortex of foetuses diagnosed with OSB.  258 

259 

The AP pool size is not reduced in the foetal OSB neocortex  260 

In light of the lack of increased apoptosis in the foetal OSB neocortex, we investigated whether the 261 

reduction in neuron number observed in the neocortex of human foetuses diagnosed with OSB was 262 

due to impaired cortical neurogenesis. To this end, we analysed the pool sizes of the major classes of 263 

NPCs and first focused on APs as the primary NPCs. Specifically, we analysed cortical sections by 264 

triple immunofluorescence for the expression of the proliferation marker KI67 and the transcription 265 

factors PAX6 and TBR2 (Fig. 6), both known to be characteristically expressed by distinct NPC 266 

subtypes (Götz et al., 1998; Englund et al., 2005; Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 267 

2011; Betizeau et al., 2013). Quantification of NPCs in the VZ revealed no marked differences 268 

between foetal control and OSB neocortex (Fig. 6; Fig. 7A). Similar to the control neocortex, the 269 

overwhelming majority of the NPCs in the VZ of foetuses diagnosed with OSB were PAX6+ and 270 

TBR2– (Fig. 7B, D, F). Importantly, the number of these PAX6+/TBR2– NPCs in the VZ did not 271 

differ markedly between foetal control and OSB neocortex (Fig. 7B, D, F). This indicates that the AP 272 

pool size is largely unaffected in the developing neocortex of foetuses diagnosed with OSB when 273 

compared to that of controls. 274 

Upon further characterization, we found the intermediate filament proteins nestin and GFAP 275 

to be expressed in the AP cell body and in the radially extending AP cell processes in the foetal OSB 276 

neocortex, as has been observed in physiologically developing human neocortex (Fig. 8) (Zecevic, 277 

2004; Howard et al., 2006; Fietz et al., 2010). Immunohistochemistry for the apical domain markers 278 

PAR3 and APKC, known to be associated with the apical cell cortex of APs (Aaku-Saraste et al., 279 

1996; Manabe et al., 2002; Wodarz and Huttner, 2003), and for ZO-1, which in embryonic neocortex 280 

has been shown to be associated with the apical adherens junction belt (Aaku-Saraste et al., 1996; 281 

Manabe et al., 2002; Wodarz and Huttner, 2003), revealed that all three proteins were highly 282 

concentrated near the ventricular surface of the developing cortical wall of foetuses diagnosed with 283 

OSB (Fig. 9). These findings indicate that the expression of molecular markers characteristic of AP 284 

identity and the apical cell polarity of APs seem to be largely unaffected in the developing neocortex 285 

of foetuses diagnosed with OSB.  286 

287 

The BP pool size is markedly decreased in the foetal OSB neocortex  288 
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We next focused our analysis on the pool size of BPs, which generate the majority of neurons in the 289 

developing neocortex (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Hansen et al., 290 

2010; Fietz and Huttner, 2011; Lui et al., 2011; Betizeau et al., 2013; Namba and Huttner, 2017). 291 

Intriguingly, we found that the number of NPCs, identified by KI67 immunohistochemistry, was 292 

markedly decreased in the SVZ/IZ of foetuses diagnosed with OSB when compared with that of 293 

corresponding controls (Fig. 6, Fig. 7A). This reduction was observed at all gestational stages 294 

analysed, with its magnitude being greatest at 15 weeks of gestation (Fig. 7A, Fig. 3C). To investigate 295 

whether this reduction was attributable to a specific BP subpopulation, we exploited previous findings 296 

(Fietz et al., 2010; Florio et al., 2015) that the vast majority of human bRG expresses PAX6 but not 297 

TBR2, whereas most human bIPs are TBR2+ (PAX6–/TBR2+ or PAX6+/TBR2+). We therefore 298 

quantified, in foetal control and OSB neocortex, the number of KI67+ NPCs in the SVZ/IZ that 299 

express PAX6 and/or TBR2. In foetal control neocortex, the proportion of PAX6+/TBR2– NPCs 300 

relative to the PAX6–/TBR2+ and PAX6+/TBR2+ NPCs in the SVZ/IZ increased with the progression 301 

of neurogenesis (Fig. 7C, E, G), consistent with an increasing proportion of bRG among the BPs. At 302 

all stages analysed we observed a marked reduction in the number of TBR2+ (PAX6–/TBR2+,303 

PAX6+/TBR2+) NPCs, thought to mostly represent bIPs, and of PAX6+/TBR2– NPCs, thought to 304 

mostly represent bRG, in the SVZ/IZ of foetuses diagnosed with OSB when compared with that of 305 

corresponding controls (Fig. 7C, E, G). Intriguingly, the magnitude of the reduction was greatest at 15 306 

weeks of gestation, with the number of both BP subtypes, i.e. bIPs and bRG, being similarly affected 307 

(Fig. 7G, Fig. 3D, E).  308 

To corroborate these observations, we analysed sections from an additional control foetus of 309 

16 wg (16 wg + 1 dg), obtained and processed under similar conditions, by triple immunofluorescence 310 

for the expression of KI67, PAX6 and TBR2 (Fig. 10A). Again, no marked differences were observed 311 

in the number of KI67+ (PAX6+/TBR2–, PAX6+/TBR2+, PAX6–/TBR2+) NPCs between the VZ of 312 

foetal 16 wg control and OSB foetuses of similar gestational age (Fig. 10B, C). However, we found 313 

the number of KI67+ NPCs to be markedly decreased in the SVZ/IZ of 15 wg OSB foetuses when 314 

compared with that of 16 wg control, which was attributable to a reduction in both BP subtypes 315 

(PAX6+/TBR2– bRG and PAX6+/TBR2+ or PAX6–/TBR2+ bIPs) (Fig. 10B, D). Taken together, we 316 

conclude (i) that the massive reduction in the BP pool size underlies the decrease in neuron number 317 

observed in the neocortex of foetuses diagnosed with OSB, and (ii) that this reduction involves both 318 

bIPs and bRG. 319 

320 

BPs in the neocortex of 15 gestational week foetus with OSB spend a lesser proportion of their 321 

cell cycle in M-phase than control BPs. 322 

As the percentage of apoptotic cells in the SVZ/IZ was extremely low (<1%) at all stages analysed 323 

(Table 1), NPC cell death does not appear to underlie the decrease in BP number in the OSB 324 

neocortex. We therefore sought to explore other potential causes of this decrease. To this end, we 325 
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performed double-immunofluorescence for KI67 and the mitosis marker phosphohistone H3 (PH3) on 326 

cortical sections of control and OSB foetuses (Fig. 11A, B) and quantified the percentage of KI67+ 327 

cells in the VZ and SVZ that were PH3+. Remarkably, at 15 gestational week, when we had observed 328 

the highest reduction in BP cell number, we found that the percentage of KI67+ cells that were also 329 

PH3+ was essentially the same for the foetus with OSB and the control foetus in the VZ, but was 330 

reduced to half in the foetus with OSB in the SVZ when compared to the control foetus (Fig. 11C). 331 

These data indicate that relative to the entire duration of their cell cycle (as revealed by KI67 332 

immunoreactivity), BPs in the 15 gestational week OSB neocortex spend only half the time in the 333 

PH3+-portion of M-phase than the BPs of the corresponding control foetus, whereas no such 334 

difference exists between OSB and control APs. These findings are consistent with at least two distinct 335 

scenarios. First, on the assumption that the absolute length of M-phase was the same for control and 336 

OSB BPs, our data would imply that BPs in the developing OSB neocortex double the length of their 337 

interphase when compared to those of the developing control neocortex. This in turn would imply a 338 

two-fold reduction in the BP cell division rate in the neocortex of OSB foetuses, providing an 339 

explanation for the observed decrease in neurogenesis. Second, on the assumption that the absolute 340 

length of interphase was the same for control and OSB BPs, our data would imply a two-fold 341 

reduction in the duration of M-phase BPs in the developing OSB neocortex when compared to those of 342 

the developing control neocortex. In this context, it is interesting to note that a shortening of 343 

metaphase of NPCs has recently been implicated in the reduction of their proliferative capacity (Mora-344 

Bermudez et al., 2016). Hence, the second scenario would also be consistent with the observed 345 

phenotype of the OSB neocortex.346 

Similar to the 15 gestational week foetus, we found the percentage of cycling cells that were in 347 

M-phase to be reduced in the SVZ of foetuses with OSB when compared to that of corresponding 348 

controls at 11 and 12 gestational weeks, although this difference was not statistically significant (data 349 

not shown). This was consistent with the notion that both foetuses showed a less pronounced reduction 350 

in BP cell number when compered to that of 15 gestational week. Together, our data imply that 351 

changes in cell cycle dynamics might be associated with the decrease in BP number observed in the 352 

neocortex of foetuses with OSB and that their extent increases with the progression of the phenotype. 353 

354 
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Discussion  355 

This study provides novel insight into neocortex development of human foetuses diagnosed with OSB. 356 

Our data indicate that the neocortex of such foetuses between 11-15 weeks of gestation is 357 

characterized by a marked reduction in radial thickness, especially of the CP and SVZ/IZ, thereby 358 

complementing previous studies showing neocortex thickness to be altered in children and adolescents 359 

diagnosed with OSB when compared with healthy controls (Juranek et al., 2008; Treble et al., 2013). 360 

In fact, we demonstrate that the reduction in neocortex thickness appears to be already apparent as 361 

early as in the first trimester of intrauterine life. Moreover, our data are consistent with previous 362 

findings of a reduced head size observed in OSB foetuses between 11-24 weeks of gestation (Wald et 363 

al., 1980; Nicolaides et al., 1986; Bernard et al., 2012; Karl et al., 2012; Khalil et al., 2013; Bahlmann 364 

et al., 2015). 365 

We show that the decrease in radial thickness observed in the foetal OSB neocortex seems to 366 

be attributable to a massive decrease in deep- and upper-layer neurons, which is not primarily linked to 367 

an increase in neuronal cell death. Instead, we found evidence for a marked reduction in the number of 368 

BPs known to generate the majority of neurons in the human neocortex, thus indicating that impaired 369 

neurogenesis may underlie the decrease in neuron number observed in the foetal OSB neocortex. 370 

Given that the greatest magnitude of the cortical alterations was observed at week 15 of gestation, our 371 

data support the notion that the damage to the neural tissue in OSB foetuses is progressive during 372 

gestation (Adzick, 2013; Copp et al., 2015). Our data suggest that the reduction in BP number 373 

observed in the foetal OSB neocortex is not caused by BP cell death; however, they offer the 374 

possibility that alterations in the BP cell cycle length, specifically a slowdown in its cell division rate, 375 

may underlie the decrease in neurogenesis of the foetal OSB neocortex. Thus, our findings support the 376 

assumption that reduced NPC proliferation may account for the atypical cortical organization, 377 

involving thinning of the cortical wall, in the OSB brain (Del Bigio, 2010; Treble et al., 2013). In this 378 

regard, it has been reported that in a model of foetal-onset hydrocephalus, a condition that is 379 

predominantly associated with OSB (Owen-Lynch et al., 2003; Adzick, 2013; Araujo Junior et al., 380 

2016), cell cycle progression of cortical NPCs is impaired due to S-phase blockade, leading to a 381 

reduction in the number of cortical NPCs. Further analyses including specific cell cycle assays in 382 

animal models of OSB and primary human foetal cortical NPC cultures of affected foetuses are needed 383 

in order to precisely evaluate cell cycle changes of NPCs in the foetal OSB neocortex and to examine 384 

the extent to which aberrations in the NPC cell cycle progression account for the decrease in 385 

neurogenesis observed in the foetal OSB neocortex. 386 

A possible alternative explanation for the observed reduction in BP cell number in the OSB 387 

foetuses could be that the development of the neocortex is delayed in foetuses with OSB when 388 

compared to that of controls. If so, given that the number of APs - in contrast to the number of BPs - is 389 

known to progressively decline in the human control neocortex between 10 and 16 gestational weeks 390 

(Fietz et al., 2010), one would then expect not only the number of BPs to be reduced, but also the 391 
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number of APs to be substantially increased, when compared to corresponding controls. However, our 392 

data indicate that the AP cell pool is largely unaffected in the foetal OSB neocortex when compared 393 

with that of controls. Hence, these findings do not support the possibility that a delayed neurogenesis 394 

represents the major underlying cause for the observed reduction in BP cell number.  395 

Intriguingly, APs and BPs fundamentally differ in their accessibility to nutrients and oxygen. 396 

APs have access to the ventricular lumen, and thus directly receive nutrients and proliferation signals 397 

present in the cerebrospinal fluid (CSF), in addition to those present in the VZ vasculature (Veening 398 

and Barendregt, 2010; Lehtinen and Walsh, 2011; Homem et al., 2015; Bueno and Garcia-Fernandez, 399 

2016). However, as BPs lack contact to the ventricular surface and thus to the supply of nutrients by 400 

the CSF, the SVZ vasculature appears to be an important site for nutrient supply of BPs (Javaherian 401 

and Kriegstein, 2009; Stubbs et al., 2009). Compression of small blood vessels in the periventricular 402 

compartment has been described as one of the mechanisms of injury in hydrocephalus in the context of 403 

OSB (Del Bigio, 2010). Thus, one possible scenario might be that insufficient supply of nutrients and 404 

oxygen as a consequence of vascular compression following ventriculomegaly affects BP behaviour 405 

leading to reduced BP proliferation in the foetal OSB neocortex. Regarding this, it has been reported 406 

that changes in the nutritional state are able to impact NPC cycle control mechanisms and cell 407 

proliferation (Lacar et al., 2012; Homem et al., 2015). The direct supply of cerebrospinal fluid to APs408 

might enable these cells to compensate for a reduced blood supply in the germinal zones, which could 409 

explain why APs - in comparison to BPs - are less affected in the foetal OSB neocortex. More 410 

extensive studies including a broader range of OSB neocortex samples from different developmental 411 

stages are necessary in order to gain deeper understanding of the mechanisms that underlie impaired 412 

neocortex development in foetuses diagnosed with OSB. 413 

  OSB is a chronic and irreversible disease. Thus, therapeutic strategies that interrupt 414 

progressive pathological processes are important in order to manage the disorder and prevent 415 

complications (Smith and Krynska, 2015). Especially, foetal therapy has been a major focus over the 416 

last years. Foetal surgical repair of OSB, which is generally performed between 19 and 25 weeks of 417 

gestation, has been associated with improved neurological outcomes and reduced need for invasive 418 

procedures during childhood when compared with standard, postnatal surgical repair (Adzick et al., 419 

2011; Adzick, 2013; Moldenhauer, 2014; Copp et al., 2015; Araujo Junior et al., 2016). Given that 420 

neocortex development in OSB foetuses is apparently altered as early as 11 weeks of gestation, our 421 

data support the need for an early OSB diagnosis and foetal repair. By using the midsagittal view for 422 

the measurement of nuchal translucency and assessment of BS-BSOB-ratio, cisterna magna width and 423 

presence of a Single-Line-Sign for the identification of OSB foetuses between 11-13 weeks of 424 

gestation, this study provides further evidence for the notion that this method enables physicians to 425 

reliably identify foetal brain abnormalities such as OSB and cystic posterior fossa abnormalities 426 

including Dandy-Walker syndrome, agenesis of the corpus callosum and isolated cleft lip at an early 427 

developmental stage (Lachmann et al., 2010; Lachmann et al., 2011; Lachmann, 2012; Lachmann et 428 
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al., 2012; Lachmann et al., 2013; Lachmann, 2018; Lachmann et al., 2018). Further studies are 429 

necessary in order to investigate whether surgical intervention before 19 weeks of gestation limits 430 

impaired neocortex development and thus further improve long-term neurological function.  431 

In conclusion, our data indicate that the neocortex of OSB foetuses from 11-15 weeks of 432 

gestation is characterized by a marked reduction in radial thickness. This reduction appears to be 433 

attributable to a massive decrease in deep- and upper-layer neurons, most likely caused by a marked 434 

reduction in the number of BPs, thus indicating that impaired neurogenesis might underlie the 435 

reduction in neuron number observed in the foetal OSB neocortex. Moreover, our data provide 436 

evidence for the notion that the decrease in BP number observed in the foetal OSB neocortex might be 437 

associated with alterations in the BP cell cycle. Together, our findings expand our understanding of 438 

the pathophysiology of OSB and support the need for an early foetal intervention.  439 

440 
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Figure Legends 669 

Figure 1. Ultrasonic assessment of the posterior brain in a control foetus and a foetus diagnosed 670 

with OSB. (A, B) Ultrasonic scan showing the posterior brain of a control foetus (A) and a foetus 671 

diagnosed with OSB (B) at 12 weeks of gestation. Assessment of the posterior brain was performed672 

using brain stem (BS), brain stem to occipital bone (BSOB) diameter, cisterna magna width, single 673 

line sign and two lines sign as indicated. 674 

675 

Figure 2. Foetuses with OSB show a marked reduction in the radial thickness of the CP and 676 

SVZ/IZ. (A) Overview of the cortical wall, stained with DAPI, of a control (crl) foetus of 10 weeks of 677 

gestation (wg) (top) and a foetus of 11 weeks of gestation diagnosed with OSB (bottom). White boxes 678 

indicate the areas shown at higher magnification in (B). Scale bars represent 500 m. (B-D) 679 

Dorsolateral cortical wall, stained with DAPI, of a control (crl) foetus of 10, 12 or 15 weeks of 680 

gestation and a foetus of 11, 12 or 15 weeks of gestation diagnosed with OSB. Images in (B) 681 

correspond to the areas indicated by the white boxes in (A), and images in (C) and (D) correspond to 682 

these areas at the indicated later stages of cortical development. Bottom dotted lines indicate the 683 

boundary between the VZ and SVZ. Top dotted lines indicate the boundary between the IZ and CP. 684 

Scale bars represent 100 m. (E) Radial thickness of the VZ, SVZ/IZ and CP of control (crl) foetuses 685 

from 10, 12 and 15 weeks of gestation and foetuses from 11, 12 and 15 weeks of gestation diagnosed 686 

with OSB. Data are from 2 different sections each. Bars indicate the individual variation from the 687 

mean. (A-E) VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; CP, cortical plate. 688 

689 

Figure 3. Development of differences in radial thickness of the cortical wall, neuron and NPC 690 

number between the OSB neocortex and corresponding controls over time. (A-E) Differences in 691 

radial thickness of the cortical wall (A), number of TBR1+ and BRN2+ neurons in the CP (B), number 692 

of NPCs (C), PAX6+/TBR2– NPCs (D) and TBR2+ (PAX6–/TBR2+, PAX6+/TBR2+) NPCs (E) in 693 

the SVZ/IZ between the OSB neocortex and corresponding controls at gestational weeks 10/11, 12 and 694 

15. Data represent mean ± 95% confidence interval. Cell counts and radial thickness of the cortical 695 

wall were quantified and expressed as described in Fig 2E, Fig. 4D-F and 7A, C, E, G. Positive values 696 

correspond to higher observations in control samples. The number of asterisks corresponds to p-value 697 

levels 0.05 (*), 0.01 (**), and 0.001 (***). (C-E) NPCs were identified by KI67 immunoreactivity. 698 

699 

Figure 4. Foetuses with OSB show a marked reduction in neuron number in the cortical plate. 700 

(A-C) Double-immunofluorescence for TBR1 (red) and BRN2 (green), combined with DAPI staining 701 

(blue), on cortical sections of control (crl) foetuses of 10 (A left), 12 (B left) and 15 (C left) weeks of 702 

gestation (wg) and of foetuses of 11 (A right), 12 (B right) and 15 (C right) weeks of gestation 703 

diagnosed with OSB. The bottom margin of the images corresponds to the apical boundary of the 704 

cortical plate (CP). Scale bars represent 50 m. (D-F) Quantification of TBR1+ (red) deep-layer and 705 
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BRN2+ (green) upper-layer neurons, expressed as number of cells per 100 m ventricular surface, in 706 

the CP of control (crl) foetuses of 10 (D), 12 (E) and 15 (F) weeks of gestation (wg) and of foetuses 707 

from 11 (D), 12 (E) and 15 (F) weeks of gestation diagnosed with OSB. Data represent mean ± S.E.M. 708 

and are from 3 different cortical sections each. Asterisks indicate statistically significant differences of 709 

TBR1+ neurons (E, F) and BRN2+ neurons (F) between crl and OSB foetuses (p-value < 0.05).  710 

711 

Figure 5. Identification of apoptotic cells by immunohistochemistry for activated caspase 3. (A-712 

C) Immunohistochemistry for activated caspase 3 (red), combined with DAPI staining (blue), on 713 

sections of the CP (A) and SVZ (B, C) of foetuses of 12 (A) and 15 (B, C) weeks of gestation (wg) 714 

diagnosed with OSB. Arrowheads indicate activated caspase 3-expressing cells. Scale bars represent 715 

10 m. CP, cortical plate; SVZ, subventricular zone. 716 

717 

Figure 6. The neocortex of foetuses with OSB shows a marked reduction in the number of BPs. 718 

Triple immunofluorescence for KI67 (yellow), PAX6 (red) and TBR2 (green), combined with DAPI 719 

staining (blue), on cortical sections of control (crl) foetuses of 10 (A), 12 (C) and 15 (E) weeks of 720 

gestation (wg) and of foetuses of 11 (B), 12 (D) or 15 (F) weeks of gestation diagnosed with OSB. The 721 

merge images show combined immunofluorescence for KI67, PAX6 and TBR2. The top margin of the 722 

images corresponds to the basal boundary of the SVZ. Scale bars represent 50 m. VZ, ventricular 723 

zone; SVZ, subventricular zone.  724 

725 

Figure 7. Comparative quantification of NPCs in the VZ and SVZ of the neocortex of control 726 

foetuses and of foetuses with OSB. (A) Quantification of NPCs, identified by KI67 727 

immunoreactivity, in the VZ (yellow) and SVZ (black/yellow), expressed as number of cells per 100 728 

m ventricular surface, of control (crl) foetuses of 10, 12 and 15 weeks of gestation (wg) and of 729 

foetuses of 11, 12 and 15 weeks of gestation diagnosed with OSB. (B-G) Quantification of 730 

PAX6+/TBR2– (red), PAX6–/TBR2+ (green), PAX6+/TBR2+ (red/green) NPCs, identified by KI67 731 

immunoreactivity, in the VZ (B, D, F) and SVZ (C, E, G), expressed as number of cells per 100 m732 

ventricular surface, of control (crl) foetuses of 10, 12 and 15 weeks of gestation (wg) and of foetuses 733 

of 11, 12 and 15 weeks of gestation diagnosed with OSB. (A-G) Data represent mean ± S.E.M. and are 734 

from 3 different cortical sections each. Asterisks indicate statistically significant differences of KI67+ 735 

NPCs (A), PAX6+/TBR2- NPCs (E, G), PAX6+/TBR2+ NPCs (B-D, E, F) and PAX6-/TBR2+ NPCs 736 

(B, C, G) between crl and OSB foetuses (p-value < 0.05). 737 

738 

Figure 8. APs in the developing neocortex of foetuses diagnosed with OSB express nestin and 739 

GFAP. Immunohistochemistry for nestin (A-E, red) and GFAP (F-J, red), combined with DAPI 740 

staining in (A, F, blue), on cortical sections of foetuses of 11 (A, B, F, G), 12 (C, H), 14 (D, I) and 15 741 

(E, J) weeks of gestation (wg) diagnosed with OSB. The boxed areas in (A) and F are shown at higher 742 
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magnification in (B) and G, respectively. The areas shown in the images in (C-E) and (H-J) 743 

correspond to the areas shown in (A, B) and (F, G) at the indicated later stages of cortical 744 

development. Closed arrowheads indicate nestin (B-E) and GFAP (G-J) –expressing cell bodies. Open 745 

arrowheads indicate nestin (B-E) or GFAP (G-J) –expressing cell processes. Scale bars represent 20 746 

m. VZ, ventricular zone; SVZ, subventricular zone.747 

748 

Figure 9. Apical domain marker proteins are concentrated at the ventricular surface of the 749 

neocortex of foetuses with OSB. Immunohistochemistry for ZO-1 (A, D, G, red), Par3 (B, E, H, red), 750 

and APKC (C, F, I, green), combined with DAPI staining (blue), on cortical sections of foetuses of 11 751 

(A-C), 12 (D-F), and 15 (G-I) weeks of gestation (wg) diagnosed with OSB. Dashed lines indicate the 752 

ventricular surface. Scale bars represent 20 m. VZ, ventricular zone; SVZ, subventricular zone. 753 

754 

Figure 10. Comparative quantification of NPCs in the neocortical VZ and SVZ of a control 755 

foetus of 16 wg and OSB foetuses of 15 wg. (A) Triple immunofluorescence for KI67 (yellow), 756 

PAX6 (red) and TBR2 (green), combined with DAPI staining (blue), on a cortical section of a control 757 

(crl) foetus of 16 1weeks of gestation (wg). The merge images show combined immunofluorescence 758 

for KI67, PAX6 and TBR2. The top margin of the images corresponds to the basal boundary of the 759 

SVZ. Scale bars represent 50 m. VZ, ventricular zone; SVZ, subventricular zone. (B) Quantification 760 

of NPCs, identified by KI67 immunoreactivity, in the VZ (yellow) and SVZ (black/yellow), expressed 761 

as number of cells per 100 m ventricular surface, of a control (crl) foetus of 16 wg and of foetuses of 762 

15 wg diagnosed with OSB. (C, D) Quantification of PAX6+/TBR2– (red), PAX6–/TBR2+ (green), 763 

PAX6+/TBR2+ (red/green) NPCs, identified by KI67 immunoreactivity, in the VZ (C) and SVZ (D), 764 

expressed as number of cells per 100 m ventricular surface, of a control (crl) foetus of 16 wg and of 765 

foetuses of 15 wg diagnosed with OSB. (B-D) Data represent mean ± S.E.M. and are from 3 different 766 

cortical sections each. Asterisks indicate statistically significant differences of KI67+ NPCs (B), 767 

PAX6+/TBR2– NPCs (D), PAX6+/TBR2+ NPCs (D) and PAX6–/TBR2+ NPCs (D) between crl and 768 

OSB foetuses (p-value < 0.05).769 

770 

Figure 11. BPs in the neocortex of 15 gestational week foetus with OSB spend a lesser proportion 771 

of their cell cycle in M-phase than control BPs. (A, B) Double immunofluorescence for KI67772 

(green) and PH3 (white), combined with DAPI staining (blue), on cortical sections of a control (crl) 773 

foetus of 15 weeks of gestation (A) and a foetus of 15 weeks of gestation diagnosed with OSB (B). 774 

The top margin of the images corresponds to the basal boundary of the SVZ. Scale bars represent 50 775 

m. VZ, ventricular zone; SVZ, subventricular zone. (C) Quantification of cells in M-phase (as 776 

revealed by PH3 immunofluorescence), expressed as a percentage of cycling cells (as revealed by 777 

KI67 immunofluorescence), in the VZ (grey) and SVZ (grey/black) of a control (crl) foetus of 15 778 

weeks of gestation and of a foetus of 15 weeks of gestation diagnosed with OSB. Data represent mean 779 
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± S.E.M. and are from are from 3 (OSB) or 4 (crl) different cortical sections each. Asterisk indicates 780 

statistically significant differences of PH3+ cells (% of KI67+ cells) between the crl and OSB foetus 781 

(p-value < 0.05).782 
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Table Legends 783 

Table 1. Percentage of apoptotic cells, identified by immunohistochemistry for activated caspase 3, in 784 

the cortical zones of a foetus each of 11, 12, and 15 weeks of gestation diagnosed with OSB. Data 785 

represent mean ± S.E.M. and are from 3 different cortical sections each.786 

























Table 1. Percentage of apoptotic cells in the OSB cortical zones. 

Developmental stage
Cortical zone 

CP SVZ/IZ VZ

11 weeks of gestation 0.064 +/- 0.012 0.894 +/- 0.024 0.254 +/- 0.011 

12 weeks of gestation 0.079 +/- 0.014 0.773 +/- 0.032 0.163 +/- 0.024 

15 weeks of gestation 0.028 +/- 0.007 0.271 +/- 0.089 0.097 +/- 0.015 


