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Abstract 43 

 44 

Reelin controls neuronal migration and layer formation. Previous studies in reeler mice 45 

deficient in Reelin focused on the result of the developmental process in fixed tissue 46 

sections. It has remained unclear whether Reelin affects the migratory process, migration 47 

directionality or migrating neurons guided by the radial glial scaffold. Moreover, Reelin has 48 

been regarded as an attractive signal, since newly generated neurons migrate toward the 49 

Reelin-containing marginal zone. Conversely, Reelin might be a stop signal, since migrating 50 

neurons in reeler, but not in wild-type mice, invade the marginal zone. Here, we monitored 51 

the migration of newly generated proopiomelanocortin (POMC)-EGFP-expressing dentate 52 

granule cells in slice cultures from reeler, reeler-like mutants and wild-type mice of either sex 53 

using real-time microscopy. We discovered that not the actual migratory process and 54 

migratory speed, but migration directionality of the granule cells is controlled by Reelin. While 55 

wild-type granule cells migrated toward the marginal zone of the dentate gyrus, neurons in 56 

cultures from reeler and reeler-like mutants migrated randomly in all directions as revealed 57 

by vector analyses of migratory trajectories. Moreover, live imaging of granule cells in reeler 58 

slices co-cultured to wild-type dentate gyrus showed that the reeler neurons changed their 59 

directions and migrated toward the Reelin-containing marginal zone of the wild-type culture, 60 

thus forming a compact granule cell layer. In contrast, directed migration was not observed 61 

when Reelin was ubiquitously present in the medium of reeler slices. These results indicate 62 

that topographically administered Reelin controls the formation of a granule cell layer. 63 
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Significance statement 64 

 65 

Neuronal migration and the various factors controlling its onset, speed, directionality and 66 

arrest are poorly understood. Slice cultures offer a unique model to study the migration of 67 

individual neurons in an almost natural environment. In the present study, we took advantage 68 

of the expression of proopiomelanocortin (POMC)-EGFP by newly generated, migrating 69 

granule cells to analyze their migratory trajectories in hippocampal slice cultures from wild-70 

type mice and mutants deficient in Reelin signaling. We show that the compartmentalized 71 

presence of Reelin is essential for the directionality, but not the actual migratory process or 72 

speed, of migrating granule cells leading to their characteristic lamination in the dentate 73 

gyrus.  74 
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Introduction 75 

 76 

The extracellular matrix protein Reelin plays an important role in neuronal migration and the 77 

formation of laminated brain structures such as the neocortex, hippocampus, and cerebellum 78 

(D’Arcangelo et al., 1995; Rakic and Caviness, 1995; Curran and D’Arcangelo, 1998; 79 

Frotscher, 1998, 2010; Tissir and Goffinet, 2003; Förster et al., 2006; Zhao and Frotscher, 80 

2010; O’Dell et al., 2015; Chai et al., 2016; Dillon et al., 2017). Reelin is the molecule deleted 81 

in the natural mouse mutant reeler (Falconer et al., 1951), and much has been learned in 82 

recent decades about the diverse functions of Reelin, its signaling cascade, and the 83 

migration defects in the reeler mouse and in mutants deficient in Reelin signaling molecules. 84 

Reelin signaling involves the lipoprotein receptors Apolipoprotein E Receptor 2 (ApoER2) 85 

and Very Low Density Lipoprotein Receptor (VLDLR) (Trommsdorff et al., 1999; D’Arcangelo 86 

et al., 1999), and the adaptor protein Disabled 1 (Dab1), which is phosphorylated by src 87 

family kinases upon binding of Reelin to its receptors (Sheldon et al., 1997; Ware et al., 88 

1997; Howell et al., 1997, 1999; Franco et al., 2011). Dab1-deficient mouse mutants and 89 

double knockout mice deficient in ApoER2 and VLDLR show a reeler-like phenotype with 90 

severe migration defects in laminated brain areas (Howell et al., 1997; Trommsdorff et al., 91 

1999). In addition to these lipoprotein receptors alpha3beta1 integrins were shown to bind 92 

Reelin and control neuronal migration (Dulabon et al., 2000). Reelin interacts with Notch 93 

signaling (Hashimoto-Torii et al., 2008; Sibbe et al., 2009) and was found to phosphorylate 94 

the actin-depolymerizing protein cofilin, resulting in stabilization of the actin cytoskeleton 95 

(Chai et al., 2009). Moreover, Reelin is important for the formation of defined projections (Del 96 

Rio et al., 1997) and for the determination of proximo-distal dendritic segments of pyramidal 97 

neurons (Kupferman et al., 2014). In adult animals, Reelin signaling plays a role in learning 98 

and memory processes (Beffert et al., 2005).  99 

Despite this wealth of data, it has remained unclear how Reelin affects the actual 100 

migratory process of newly generated neurons. This holds particularly true for the dentate 101 

gyrus, one of the few brain regions with persistent neurogenesis. Here, granule cells 102 
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generated in the hilus only migrate for short distances and form a compact neuronal layer in 103 

wild-type animals. In contrast, in reeler and reeler-like mutants granule cells are scattered all 104 

over the dentate area and often invade the inner molecular layer (Zhao et al., 2003). How 105 

does Reelin, synthesized by Cajal-Retzius (CR) cells (D’Arcangelo et al., 1995; Del Rio et al., 106 

1997; Meyer and Goffinet, 1998; Lambert de Rouvrouit and Goffinet, 1998; Rice et al., 2001) 107 

control the strict lamination of the granule cells? In the dentate gyrus, CR cells in the outer 108 

molecular layer synthesize Reelin. Does Reelin prevent the granule cells from invading the 109 

molecular layer? Does Reelin act on granule cell motility and the actual migratory process, its 110 

speed or directionality? By using hippocampal slice cultures and real-time microscopy we 111 

provide a comprehensive analysis of the migratory trajectories of newly generated granule 112 

cells in the developing dentate gyrus of wild-type animals and various mutants deficient in 113 

molecules of the Reelin signaling cascade. Moreover, we were able to visualize the rescue of 114 

a laminated organization in a reeler dentate gyrus in a co-culture to a wild-type hippocampus, 115 

which provided Reelin to the reeler dentate gyrus in a normotopic position. The results 116 

showed that Reelin from the molecular layer controls the directionality of granule cell 117 

migration, but it did not affect nuclear translocation or migratory speed.  118 
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Materials & Methods 119 

 120 

Animals 121 

POMC-EGFP transgenic mice (Overstreet et al., 2004) were obtained from Dr. Gary L. 122 

Westbrook (Oregon Health and Science University, Portland, Oregon). Wild-type (C57BL/6), 123 

reeler (B6C3Fe-a/a-Relnrl), ApoER2 knockout (ApoER2-/-), VLDLR knockout (VLDLR-/-), and 124 

Dab1 knockout (scrambler) mice were obtained from Dr. Joachim Herz (UT Southwestern, 125 

Dallas). Reeler, ApoER2 knockout, VLDLR knockout, and Dab1 knockout mice were each 126 

cross-bred with POMC-EGFP transgenic mice to generate reeler-POMC, ApoER2-/--POMC, 127 

VLDLR-/--POMC and Dab1-/--POMC mouse lines. Heterozygous reeler-POMC mice were 128 

intercrossed to obtain wild-type POMC mice; ApoER2-/--POMC and VLDLR-/--POMC mice 129 

were intercrossed to obtain double-knockout mice (ApoER2-/-VLDLR-/--POMC). Wistar rats 130 

were obtained from the animal facility of the University Medical Center Hamburg-Eppendorf 131 

(UKE). In all experiments mixed populations of female and male animals for each condition 132 

were used. Animals were housed under standard laboratory conditions in the animal facility 133 

at the Center for Molecular Neurobiology Hamburg (ZMNH). All experiments were performed 134 

in accordance with the institutional guide for animal care (license number: ORG 850). 135 

Genotyping was performed by PCR analysis of genomic DNA, as described previously 136 

(Deller et al., 1999; Overstreet et al., 2004). Experiments were carried out and the 137 

manuscript was prepared following the ARRIVE guidelines for animal research. 138 

 139 

Immunostaining 140 

After decapitation, entire brains were fixed in 4% paraformaldehyde (PFA) followed by 141 

washing in 0.1 M phosphate buffer (PB). Brains were embedded in 5% agarose and 142 

sectioned on a vibratome (Leica VT1000 S) at 50 μm. Slice cultures were fixed in PFA and 143 

immunostained as whole mounts. Brain sections and slice cultures were then incubated in 144 

blocking solution (5% normal goat serum and 0.2% Triton-X 100 in 0.1 M PB), washed, and 145 

incubated in primary antibodies at 4°C overnight. The following antibodies were used: mouse 146 
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anti-Reelin G10 (1:1000, #553731, Millipore, RRID: AB_565117) and rabbit anti-Prox1 147 

(1:1000, #AB5475, Millipore RRID: AB_177485). Tissue sections and slice cultures were 148 

washed in 0.1 M PB, incubated overnight at 4 °C in appropriate secondary antibodies (Alexa 149 

Fluor® 568 Goat Anti-Rabbit IgG, 1:300, Life Technologies; Alexa Fluor® 647 Goat Anti-150 

Mouse IgG, 1:300, Life Technologies), counterstained with DAPI and mounted in Dako 151 

Fluorescence Mounting Medium. Tissue sections were imaged with an Olympus laser 152 

scanning microscope. The numbers of Reelin-positive CR cells in the supra- and 153 

infrapyramidal blades were determined in sections that had been randomly chosen from 7 154 

wild-type mice (4 female and 3 male mice). 155 

 156 

Preparation of hippocampal slice cultures 157 

Mice at postnatal days 0 (P0) or/and 6 (P6) as well as rats at P6 were used for the 158 

preparation of hippocampal slice cultures. Mice or rat pups were decapitated, the brains were 159 

removed, and the hippocampi were dissected and sliced (300 μm) perpendicularly to the 160 

longitudinal axis of the hippocampus on a McIlwain tissue chopper as described (Zhao et al., 161 

2004). The slices were placed onto Millipore membranes (#PICM0RG50, Millicell), and each 162 

membrane was incubated in 1 ml of nutrition medium containing 25% heat-inactivated horse 163 

serum, 25% Hank’s balanced salt solution (HBSS, Invitrogen), 50% minimal essential 164 

medium, 2 mM glutamine, pH 7.2 (1 ml of nutrition medium per well of a 6-well-plate). Slices 165 

were incubated as static cultures in a humidified atmosphere containing 5% CO2 at 37 °C for 166 

4 h before live imaging started. For the co-culture experiments aimed at rescuing the reeler 167 

phenotype, hippocampal slice cultures from wild-type mice (P6) or rats (P6) were co-cultured 168 

to reeler-POMC hippocampal slices such that the dentate area of the reeler-POMC slice was 169 

placed next to the infrapyramidal blade of the wild-type slice (see Fig. 4A). When compared 170 

to P0, there were numerous Reelin-expressing CR cells in the infrapyramidal blades in both 171 

species at P6. No differences were observed when P6 rat or wild-type mice slices were used 172 

in these rescue experiments. For control, reeler slices were placed next to reeler slices to 173 

study potential Reelin-independent rescue effects of the co-culture. 174 
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 175 

Treatment of hippocampal slice cultures and primary cortex neurons with recombinant 176 

Reelin, homogenate preparation and immunoblot analysis 177 

HEK293 cells expressing full-length Reelin (Förster et al., 2002) or green fluorescent protein 178 

(GFP, for control) were cultured in Dulbecco’s Modified Eagle’s Medium containing 10% fetal 179 

calf serum, 1% penicillin/streptomycin and 1 mg/ml of the antibiotic G418 (Förster et al., 180 

2002). After two days of incubation, the medium was replaced by a serum-free surrogate for 181 

additional three days and the supernatants of the Reelin-expressing cells as well as the 182 

GFP-expressing cells were then collected separately and centrifuged at 800 rpm for 5 min. 183 

The activity of the recombinant Reelin was confirmed in an in vitro assay using primary 184 

cerebral cortex neurons (Chai et al., 2009).  185 

To obtain primary cortex neurons, cerebral cortices were dissected from embryonic 186 

C57BL/6 brains (embryonic day 16) and incubated in 0.025% trypsin (Sigma-Aldrich) in 187 

HBSS at 37°C for 30 min. The tissue was then incubated in HBSS containing 1% bovine 188 

serum albumin (Sigma Aldrich) and 1% w/v trypsin inhibitor (T-6522, Sigma Aldrich) at 37°C 189 

for 5 min. After washing in HBSS, the tissue was triturated with a pipette tip and the 190 

dissociated neurons were cultured in Neurobasal medium supplemented with 2% B-27, 0.5 191 

mM L-glutamine (Invitrogen), 100 units/ml penicillin (Invitrogen), and 100 μg/ml streptomycin 192 

(Invitrogen) at a density of 1.7 × 106 cells per well of a 6-well plate coated with poly-L-lysine 193 

(Sigma Aldrich). After 24 hours, neurons were stimulated with recombinant Reelin for 15 min 194 

and immediately lysed in M-PER™ Mammalian Protein Extraction Reagent (#78501, 195 

ThermoFisher Scientific) supplemented with protease and phosphatase inhibitor cocktails 196 

(#78425, ThermoFisher Scientific and #P2850, #P5726 Sigma Aldrich, respectively) 197 

according to the manufacturer’s instructions. The cell lysates were then subjected to 198 

immunoblot analysis. 199 

Freshly prepared slice cultures were either incubated in Reelin-containing medium or 200 

control medium derived from GFP-expressing cells and imaged for 12 hours. For 201 

homogenate preparations, the dentate gyri of interest from the treated hippocampal slices 202 
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were excised and homogenized in lysis buffer containing 100 mM Tris-HCl (pH 7.4, Carl 203 

Roth), 12 mM magnesium acetate tetrahydrate (Merck) and 6 M Urea (Sigma Aldrich) under 204 

several freezing-refreezing rounds in liquid nitrogen. The homogenates were subjected to 205 

immunoblot analysis for Reelin. Prior to immunoblot analysis for phosphorylated Dab1 and 206 

total Dab1, the homogenates were additionally pre-cleared on HiTrap™ heparin sepharose 207 

(GE Healthcare) for 24 hours. 208 

Immunoblot analysis was performed as described (Chai et al., 2009) using primary 209 

antibodies for Reelin (G10), phosphotyrosine (pY, mouse, #05-321MG, Millipore, RRID: 210 

AB_568857), Dab1 (rabbit, #AB5840, Millipore, RRID: AB_2261451), and actin (rabbit, 211 

#A2066, Sigma Aldrich, RRID: AB_476693) in a dilution of 1:1,000. Horseradish peroxidase-212 

coupled secondary antibodies from the corresponding species (Jackson Immunoresearch 213 

Laboratories) were used in a dilution of 1:10,000. For chemoluminescence detection, the 214 

SuperSignal™ West Femto Maximum Sensitivity Substrate (#34094, ThermoFisher 215 

Scientific) or a mixture of buffer A (0.5 mM luminol, 0.18 mM p-coumaric acid, 200 mM Tris-216 

HCl pH 8.3) and buffer B (0.02% H2O2, 0.1 mM Tris-HCl pH 8.3) in a ratio of 1:1 was used. 217 

Detection was performed on the Intas Detection Apparatus (Science Imaging) using the 218 

manufacturer’s software. For densitometric quantifications, the immunoblot images were 219 

processed with the ImageJ software using the macro for immunoblot quantifications. 220 

 221 

Real-time microscopy 222 

All recordings for the quantitative analyses were performed with an Improvision spinning disk 223 

microscope (Carl Zeiss; Perkin Elmer, Waltham, Massachusetts) equipped with a 488-nm 224 

scanning laser and two chambers (inner and outer chamber, saturated humidity, 37°C, 5% 225 

CO2). For imaging, a 20× objective lens (numerical aperture: 0.5; immersion medium: air) 226 

was used. Time-lapse images were collected every 7 min for more than 12 hours. 227 

Photobleaching during imaging was prevented by minimizing laser power; initial image 228 

processing was carried out with Volocity 6.1.1 (Perkin Elmer). Alternatively, a multiphoton 229 

laser scanning upright microscope (FV1000 MPE, BX61WI) equipped with a Mai Tai HP 230 
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laser unit (Spectra-Physics; laser wave length used: 930 nm), a Bold Line top stage 231 

incubating chamber (H301-EC-UP-BL, Okolab), and a Bold Line heating system (H301-T-232 

UNIT, Okolab) were used with the slice cultures immersed in artificial cerebrospinal fluid. 233 

Recordings were made with an ultra 25× MPE water immersion objective (numerical aperture 234 

= 1.05) or a LUMPLFLN 60× water immersion objective (numerical aperture = 1.0). 235 

 236 

Neuronal tracking 237 

The Imaris and ImageJ softwares were used for neuronal tracking and for measurements of 238 

migratory speed and cell displacement. For the cells from each genotype and for the cells in 239 

the rescue experiments at least three time-lapse recordings, lasting from 7 to more than 40 240 

hours, were used for the calculations. The data from the various cells of each slice culture of 241 

the same genotype were merged for final trajectory plots. For quantification of the movement 242 

of individual neurons over time, the “Manual Tracking” plugin (Fabrice Cordelières, Institut 243 

Curie, Orsay, France) with ImageJ software (National Institutes of Health, Bethesda, USA) 244 

was used. The migratory trajectories of the neurons were visualized in the form of trajectory 245 

plots, beginning at the starting position (i.e., at the beginning of recording) and ending at the 246 

position where the cells had arrived at the end of recording. For this, we used the 247 

“Chemotaxis and Migration Tool” (V2.0, ibidi GmbH). Based on the data of migratory 248 

trajectories, the directionalities of migrating neurons were calculated and shown providing 249 

angle positions (migration angle relative to the x- axis) and neuron counts (for details see Y. 250 

Asabo and E. Horn, 2013, Instructions Chemotaxis and Migration Tool 2.0, ibidi GmbH, 251 

Version 1.1). Somal speed and displacement were monitored as described by Nadarajah et 252 

al. (2001). 253 

 254 

Experimental design and statistical analysis 255 

The sample size (number of mice) required for a reliable statistic conclusion for each 256 

experiment in this study was iteratively estimated using the G*Power Software (Düsseldorf), 257 

assuming an a priori type I error α = 0.05 and aiming at a Cohen effect d ≥ 0.2. For all 258 
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experiments mixed populations of female and male mice per condition were used and 259 

samples were randomly chosen. All measurements were performed with the investigator 260 

blinded to the experimental condition. Results were expressed as means ± SDs and statistics 261 

were performed with the statistical software package GraphPad Prism (GraphPad, La Jolla, 262 

CA, USA) wherever applicable. For the trajectory and vector analyses, cell sampling was 263 

randomly performed using at least 5 animals per condition. The distribution of the trajectory 264 

and vector counts in each quadrant of the R2-Euqlidean space was used as parameter for 265 

comparison between conditions. These data were collected from time-lapse imaging of 266 

migratory trajectories and represent a class of circular data which lie between linear and 267 

spherical data and require methods of “directional statistics” (see Fisher, 1993; Mardia and 268 

Jupp, 2000) – standard methods for the analysis of univariate or multivariate measurements 269 

cannot be applied.  270 
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Results 271 

 272 

Expression of POMC-EGFP allows for an analysis of migratory trajectories of wild-type 273 

and mutant granule cells 274 

To study the trajectories of individual migrating granule cells in the developing dentate gyrus, 275 

we used hippocampal slice cultures from newborn animals expressing proopiomelanocortin 276 

(POMC)-EGFP (Overstreet et al., 2004) defined here as wild type with respect to Reelin 277 

signaling molecules. POMC-EGFP is mainly found in newly generated immature granule 278 

cells (Overstreet et al., 2004), which only form a fraction of a cell population positive for the 279 

homeobox gene Prox1 expressed by progenitor cells in the hilus and both immature and 280 

mature granule cells (Lavado et al., 2010). POMC-EGFP expression was sufficiently discrete 281 

to allow monitoring of individual migrating neurons and their leading and trailing processes 282 

against an unstained, dark background.  283 

When studying the trajectories and the migratory vectors of altogether 53 POMC-284 

EGFP-expressing neurons in wild-type slice cultures we noticed a preferential migration 285 

directed toward the suprapyramidal blade of the dentate gyrus (Fig. 1A and Video 1). It is 286 

well established that the suprapyramidal blade of the dentate gyrus develops before the 287 

infrapyramidal blade (Frotscher and Seress, 2007). Indeed, we regularly observed that the 288 

outer portion of the molecular layer of the suprapyramidal blade contained many Reelin-289 

synthesizing CR cells, which - in contrast - were very rare in the infrapyramidal blade at this 290 

stage (P0; Fig. 1A). Indeed, the number of Reelin-positive CR cells was significantly higher 291 

in the suprapyramidal blade when compared to the infrapyramidal blade (105 ± 49 SD cells 292 

versus 32 ± 11 SD cells, p = 0.0156; n = 7 wild-type mice; Wilcoxon matched-pairs signed 293 

rank test), suggesting that CR cells and Reelin, respectively, are involved in the early 294 

formation of the suprapyramidal granule cell layer, likely by attracting the granule cells. 295 

In reeler, POMC-EGFP-expressing and Prox1-immunoreactive cells were scattered 296 

all over the hilus and did not form a distinct granule cell layer (Fig. 1B). Moreover, the 297 

trajectories of migrating granule cells in slice cultures (P0) from reeler (Fig. 1B), 298 
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ApoER2/VLDLR double knockout mice, and Dab1-/- mutants (data not shown) were in sharp 299 

contrast to those seen in animals that were wild type with respect to Reelin-signaling 300 

molecules. There was no preferential migration toward the granule cell layer of the 301 

suprapyramidal blade. In contrast, the granule cells rather moved in all directions, traversing 302 

the hilus or migrating toward hippocampal region CA3 (Video 2). Thus, POMC-EGFP 303 

granule cells in these mutants could migrate properly by extending a normal leading process 304 

followed by a nuclear translocation, but there was no preferred migratory direction. In 305 

addition to the cells migrating in various directions, we also observed “quiescent” cells that 306 

moved very little. Of note, the preferential migration of granule cells toward the 307 

suprapyramidal blade in ApoER2-/- or VLDLR-/- mutants was retained to a large extent (Fig. 308 

1C,D), confirming the notion that the receptors compensated for each other – at least in part. 309 

However, we also noticed differences between the single receptor mutants. While many 310 

granule cells in VLDLR-/- mice migrated normally toward the granule cell layer and 311 

occasionally even “overmigrated” to the molecular layer or moved horizontally along the 312 

border between the granule cell layer and molecular layer, many EGFP-labeled granule cells 313 

in ApoER2-/- cultures remained in the hilus. Taken together, wild-type granule cells in slice 314 

cultures of newborn animals showed a clear preference to migrate from the hilus toward the 315 

granule cell layer, particularly toward its suprapyramidal blade, whereas no preferred 316 

migration trajectories were observed in slices from reeler, ApoER2/VLDLR double knockout 317 

mice and Dab1-/- mutants. 318 

 319 

Reelin controls migration directionality, but not the migratory process or its speed 320 

Next, we measured the somal speed of individual granule cells from wild-type animals and 321 

mutants with defect Reelin signaling (n > 10 per genotype; Fig. 2A-F). In wild-type neurons, 322 

we observed that periods of relatively rapid migration up to 30 μm/h were regularly followed 323 

by periods of arrest. Similar observations were made when the actual displacement of the 324 

cells was monitored. However, phases of relatively rapid somal speed (> 30 μm/h) were rare 325 

when compared to a slow migration of 0 – 7.2 μm/h (Fig. 2A). It was a general observation 326 
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that the somal speed of individual neurons in cultures from both wild-type animals and 327 

mutants varied to a large extent (Fig. 2A-F). However, when rapid and slow phases were 328 

compared between genotypes, no significant differences were observed. Similarly, the mean 329 

velocity of many cells (n > 80 per genotype) was not significantly different, although the 330 

mutant cells tended to be slower (Fig. 2G). While almost 80% of POMC-EGFP granule cells 331 

in wild-type mice migrated from the hilus toward the Reelin-containing marginal zone, 332 

thereby forming the granule cell layer, only a minority of the granule cells in reeler, 333 

ApoER2/VLDLR double knockout mice, and Dab1-/- mutants chose this direction, and many 334 

cells extended a leading process and migrated toward the deep hilus or CA3. Minor 335 

differences to wild-type cells were observed in granule cells from single receptor mutants 336 

(Fig. 2H). Furthermore, we could visualize three modes of granule cell migration in slices 337 

from newborn animals, consistently to previous findings (Seki et al., 2007) – radially and 338 

tangentially migrating cells as well as a tangential migration which was converted to a radial 339 

migration (Fig. 3A-C). Extension and retraction of leading processes were similarly observed 340 

in slice cultures from reeler. However, while de novo formation or re-orientation of the leading 341 

processes in wild-type animals eventually led to radial migration toward the granule cell 342 

layer, new or re-oriented leading processes in reeler slices pointed in various directions (Fig. 343 

3D,E). Often, reeler neurons branched at multiple sites and retracted their processes (Fig. 344 

3E). 345 

Taken together, in granule cells from different mouse mutants with defect Reelin 346 

signaling the directed migration toward the granule cell layer was compromised to varying 347 

degrees, which was not caused by an inability of the mutant cells to extend a leading process 348 

and move by nuclear translocation, but resulted from the lack of an orientation signal 349 

provided by Reelin in the marginal zone of the dentate gyrus. This conclusion could not be 350 

drawn from a mere description of the distribution of the granule cells seen in fixed tissue 351 

sections, but required imaging of the actual migratory process. 352 

 353 

Rescue of migration directionality in reeler slices by Reelin 354 
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We have previously reported that the formation of a granule cell layer could be partially 355 

rescued in reeler slices by co-culturing them with wild-type tissue containing Reelin (Zhao et 356 

al., 2004). However, in that study we documented the final result of a co-culturing 357 

experiment, yet we were unable to visualize the actual rescue process. To address this 358 

issue, we co-cultured Reelin-containing hippocampal slices from P6 rats or mice next to P0 359 

reeler slices to visualize the migration of POMC-EGFP-expressing reeler granule cells in 360 

response to the Reelin source from the adjacent co-culture (Fig. 4A-C). Of note, under these 361 

co-culture conditions a Reelin zone was provided by the infrapyramidal blade of the rat or 362 

wild-type mouse dentate gyrus, which at this postnatal stage (P6) contained abundant 363 

Reelin-synthesizing CR cells and was in direct contact with the scattered granule cells of the 364 

P0 reeler culture. Many reeler granule cells needed a defined response reaction time for their 365 

migration at the initial phase of the co-culture experiment. This “response reaction” preceded 366 

the de novo formation or re-orientation of leading processes toward the Reelin source in the 367 

wild-type slice (Fig. 4B). As a result, many POMC-EGFP neurons eventually migrated toward 368 

the infrapyramidal blade of the wild-type culture (Fig. 4B-E). As a result of co-culturing, we 369 

observed an increasing accumulation of POMC-EGFP granule cells near the Reelin source 370 

and the formation of a compact granule cell layer in the reeler culture over time (Video 3). Of 371 

note, under co-culture conditions we observed a significant increase in the maximal velocity 372 

of migrating neurons when compared to the maximal velocity of granule cells in single reeler 373 

cultures (co-culture: 41.16 μm/h ± 20.25 SD, 30 cells; single reeler culture: 27.71 μm/h ± 374 

11.61 SD, 33 cells; p = 0.0066; Mann-Whitney test), likely due to an overexpression of other 375 

components of the Reelin signaling cascade in the reeler slice. The majority of the cells 376 

migrated with maximal speed toward the Reelin source after an incubation period of 9 – 16 377 

hours following co-culturing. When we co-cultured a reeler slice next to another reeler slice, 378 

no rescue of a granule cell layer was observed (data not shown), thus precluding other 379 

Reelin independent attractive effects of the co-culture. 380 

We then monitored neurons in reeler hippocampal slices incubated in medium 381 

containing recombinant Reelin (Förster et al., 2002; see Materials & Methods) comparatively 382 
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to Dab1-/- mutants treated with recombinant Reelin. We observed spontaneous migration of 383 

reeler POMC-EGFP-expressing granule cells, which gave rise to leading processes in 384 

various directions as a response to the Reelin treatment. However, this reeler granule cell 385 

migration did not result in the formation of a compact granule cell layer (Fig. 4F-H). 386 

Moreover, many granule cells migrated beyond the borders of the dentate area, reminiscent 387 

of the “overmigration” of granule cells in reeler mice (Zhao et al., 2003). Analysis of 388 

trajectories and vector integrals confirmed random migration in all quadrants (Fig. 4G,H). It is 389 

noteworthy that recombinant Reelin treatment did not affect the granule cell migration in 390 

Dab1-/- (Fig. 4I-K), suggesting that the promoted migration of dentate granule cells requires 391 

Reelin-induced Dab1 phosphorylation. It deemed therefore desirable to us to test whether 392 

the recombinant Reelin added to the reeler slices was active and in sufficient amounts to 393 

induce Dab1 phosphorylation. 394 

We first confirmed the induction of Dab1 phosphorylation by recombinant Reelin on a 395 

reported cell-based in vitro assay (Howell et al., 1999; Jakob et al., 2017) using cultured 396 

embryonic primary cortex neurons exposed to Reelin or mock treatment (Fig. 5A). We then 397 

subjected homogenates of reeler dentate gyri from hippocampal slices that had been treated 398 

with Reelin or co-cultured to wild-type tissue to immunoblot analysis for Reelin. 399 

Homogenized gyri from reeler-reeler co-cultures served as a negative Reelin control. Reelin 400 

amounts were detected in reeler gyri after co-culturing with the wild-type tissue and after 401 

Reelin treatment when compared to the negative reeler-reeler co-culture control (Fig. 5B). Of 402 

note, the Reelin levels detected in the reeler dentate gyri after Reelin treatment were found 403 

to be higher than the levels of Reelin provided to the reeler gyrus in a co-culture with wild-404 

type tissue (Fig. 5B). To test whether Reelin that was provided to the reeler granule cells of 405 

the dentate gyrus by co-culturing or by an ectopic administration induces phosphorylation of 406 

Dab1, we subjected dentate gyrus homogenates from reeler hippocampal slices which had 407 

been co-cultured with wild-type tissue, treated with Reelin or mock-treated with a culture 408 

medium devoid of Reelin to immunoblot analysis using an antibody recognizing 409 

phosphotyrosine and a Dab1-antibody. Mock-treated and Reelin-treated Dab1-/- dentate 410 



 

18 
 

gyrus homogenates served as negative controls. The levels of phosphorylated Dab1 were 411 

increased in reeler gyri from hippocampi co-cultured to wild-type tissue or treated with 412 

recombinant Reelin when compared to the levels seen in mock-treated reeler and the 413 

negative Dab1-/- controls (Fig. 5C). These findings suggested that the Reelin protein which 414 

was provided to reeler hippocampal slices by a co-cultured wild-type source or ectopic 415 

administration penetrates the reeler dentate gyrus and acts to induce Dab1 phosphorylation. 416 

However, the combined results from our co-culture experiments indicated that only if 417 

the Reelin source is topographically arranged, the migration of newly generated granule cells 418 

is directed in such a way to eventually result in a compact granule cell layer formation, and 419 

thus, to contribute to the lamination of the dentate gyrus (Fig. 6).  420 
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Discussion 421 

 422 

By visualizing the trajectories of newly generated, migrating granule cells in tissue from wild-423 

type animals and mouse mutants deficient in molecules of the Reelin signaling cascade, our 424 

results show that Reelin exerts an attractive effect, controlling migration directionality of 425 

these neurons. In slice cultures from newborn wild-type animals, we observed preferential 426 

migration toward the Reelin-containing marginal zone of the suprapyramidal blade but not 427 

toward the infrapyramidal blade, which is yet poorly developed and almost devoid of CR cells 428 

at that stage. In mutants lacking Reelin or its signaling molecules no such directed migration 429 

was observed, although the granule cells were able to migrate with similar speed by 430 

extending a leading and trailing process and translocating their nuclei. Moreover, directed 431 

migration toward a Reelin source was induced in granule cells of reeler cultures co-cultured 432 

to a wild-type slice providing Reelin in normal topographical position, but was not observed 433 

when reeler slices were incubated with medium containing recombinant Reelin. 434 

Neurons in slice cultures are expected to move in the 3D space. We figured out that 435 

migration along the z-axis was minimal compared to x- and y-directions, and thus, used 436 

software for an analysis of two-dimensional movements as an approximation (see Materials 437 

& Methods). However, we cannot exclude that we are faced here with a limitation of the slice 438 

preparation. For an analysis of directionality data were generated by collecting the number of 439 

migrating neurons in the different sectors as “counts” and illustrating the distribution of 440 

migratory directions (Fisher, 1993; Semmling et al., 2010). This approach allowed us to 441 

determine migration vectors in wild-type mice and aberrant vectors in the various mutants of 442 

the Reelin signaling pathway. 443 

 444 

Reelin is an attractive signal for migrating granule cells of the dentate gyrus 445 

Here, we provide direct evidence for Reelin being an attractive signal for migrating neurons 446 

in the murine dentate gyrus. First, we have shown that POMC-EGFP expression around birth 447 

reliably labeled migrating granule cells, which enabled us to trace their trajectories. We 448 
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observed that in wild-type cultures granule cells preferentially migrated toward the 449 

suprapyramidal blade of the dentate gyrus, which in mice is well developed at this stage and 450 

contains abundant Reelin-synthesizing CR cells in its marginal zone, the outer molecular 451 

layer. This is in sharp contrast to the yet poorly developed infrapyramidal blade, forming 452 

mainly in the early postnatal period (Frotscher and Seress, 2007). We have reason to 453 

assume that Reelin is involved in the directionality of the migration process since granule 454 

cells in cultures deficient in Reelin-signaling molecules did not show this preferential 455 

migration and rather migrated toward the hilus and CA3, respectively. Moreover, granule 456 

cells in reeler cultures migrated toward the infrapyramidal blade of co-cultured wild-type 457 

dentate gyrus from postnatal day 6, providing abundant Reelin in a position similar to the 458 

normal outer molecular layer. When reeler granule cells co-cultured to wild-type tissue were 459 

analyzed over time, they eventually developed a compact granule cell layer underneath the 460 

wild-type outer molecular layer. Formation of a granule cell layer did not occur when two 461 

reeler slices were co-cultured. This particular experimental design confirmed that it is Reelin 462 

and not some unknown factor in the suprapyramidal blade that attracts migrating granule 463 

cells in wild-type cultures from P0. 464 

We regard it as a major finding of the present study that deficient Reelin signaling did 465 

not interfere with the actual migration process. Thus, somal speed, translocation of the 466 

nucleus and displacement were not found to be significantly different between migrating wild-467 

type neurons and neurons deficient in Reelin receptors or Dab1. Recent studies have shown 468 

that spatiotemporal dynamics of traction forces depending on myosin-II were associated with 469 

somal translocation in migrating neurons (He et al., 2010; Jiang et al., 2015) in addition to 470 

proneural transcription factors regulating RhoA signaling (Pacary et al., 2011). While somal 471 

translocation appeared to be normal in reeler mutants, double receptor mutants, and Dab1-472 

deficient mice, the directionality of migration was significantly altered. Single receptor 473 

mutants showed almost normal migration directions, indicating that ApoER2 and VLDLR can 474 

compensate each other to some extent (Hack et al., 2007). Additional evidence for Reelin’s 475 

role in determining the direction of migration comes from an analysis of migration modes. In 476 
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addition to radial migration toward the granule cell layer, we observed that horizontally 477 

migrating cells “corrected” their migratory route by retracting their horizontal leading process 478 

and forming a secondary radial leading process toward the granule cell layer. Similarly, in our 479 

co-culture experiments we noticed that the granule cells migrated toward the Reelin source 480 

following a “response reaction” by withdrawing the original leading process and forming a 481 

new radially oriented one, by re-orienting the original leading process or by giving rise to a 482 

new branch. In all cases the result was a directed migration toward the Reelin source in the 483 

co-cultured wild-type slice. We hypothesize that the significantly increased maximal velocity 484 

of migrating reeler granule cells under co-culture conditions might have been caused by an 485 

overexpression of Reelin receptors in the absence of the ligand, but further studies are 486 

required to confirm this assumption. Together, the results indicate that Reelin in specific 487 

topographical location is an attractive factor for the orientation of the leading processes of 488 

neurons and for directed neuronal migration. Application of recombinant Reelin to the culture 489 

medium, which does not provide a Reelin source in a circumscribed location, was unable to 490 

correct directed granule cell migration, but it promoted Dab1 phosphorylation. However, in a 491 

stripe-choice assay, recombinant Reelin was shown to affect process orientation and 492 

branching (Förster et al., 2002). 493 

 494 

Is Reelin a stop signal for migrating granule cells? 495 

If Reelin in the outer molecular layer is an attractive signal for migrating granule cells, why do 496 

they not invade the molecular layer? How can it be that Reelin first attracts migrating neurons 497 

and then terminates their migration? In a stripe choice assay, Reelin was observed to induce 498 

branching of the processes of radial glial cells, neuronal progenitors (Förster et al., 2002). 499 

Moreover, using in utero electroporation we have recently shown that both radial glial fibers 500 

and the leading processes of neurons branched upon arrival in the Reelin containing 501 

marginal zone of the developing neocortex (Chai et al., 2015). In contrast, in reeler mutants 502 

radial glial fibers gave rise to significantly fewer branches in the marginal zone. When 503 

imaging the leading processes of migrating neurons and the formation of their branches in 504 
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the marginal zone, we noticed that the branches were considerably thinner than the stem 505 

process. Nuclear translocation was regularly terminated as soon as the nucleus arrived at 506 

the branching point (Chai et al., 2015; O’Dell et al., 2015). We hypothesize that Reelin-507 

induced branching of the leading process contributes to the termination of migratory activity, 508 

thus preventing the immigration of neurons into the molecular layer (marginal zone) of the 509 

dentate gyrus. Conversely, in reeler branching is compromised and the inner portion of the 510 

molecular layer is invaded by many migrating neurons (Zhao et al., 2003). Alternatively, the 511 

presence of VLDLR, but not ApoER2, in distal segments of the leading process (Hirota et al., 512 

2015) might be crucial for neuronal arrest, since in reeler mice and VLDLR-deficient mutants, 513 

but not in ApoER2 knockout animals, migrating neurons “overmigrate” into the marginal zone 514 

(Hack et al., 2007). 515 

Binding of Reelin to its receptors activates Dab1, and in turn, results in the 516 

phosphorylation of LIM kinase1, which induces phosphorylation of n-cofilin (non-muscle 517 

cofilin; Chai et al., 2009). Cofilin is an actin-depolymerizing protein involved in the 518 

reorganization of the actin cytoskeleton (Arber et al., 1998; Bamburg, 1999). Phosphorylation 519 

of cofilin at serine3 renders the protein unable to depolymerize actin, thereby stabilizing the 520 

actin cytoskeleton. Both, Reelin-induced branching and cytoskeletal stabilization by cofilin 521 

phosphorylation might anchor the leading processes to the marginal zone, thus being 522 

essential components of Reelin’s effects on directed neuronal migration and on the 523 

termination of the migratory process. Undoubtedly, Reelin’s functions are far more complex, 524 

as recent studies have shown that Reelin also acts on the microtubule plus-end binding 525 

protein CLASP2, thereby regulating extension and orientation of the leading process (Dillon 526 

et al., 2017).  527 

In sum, our results suggest the following scenario: Reelin attracts the leading 528 

processes of migrating granule cells, thereby determining migration direction. Branching of 529 

the leading processes in the marginal zone together with cytoskeletal stabilization induced by 530 

cofilin phosphorylation terminates nuclear translocation, and thus, migration. This, in turn, 531 

leads to the accumulation of neurons just underneath the marginal zone and to the formation 532 
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of a compact granule cell layer in wild-type animals, but not in mouse mutants deficient in 533 

Reelin signaling.  534 
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Figure legends 713 

 714 

Figure 1. Migration of newborn granule cells in the wild-type (wt) dentate gyrus in 715 

comparison to mutants with deficient Reelin signaling. A, Left panel: immunostaining for 716 

Reelin (blue) revealed Reelin-expressing Cajal-Retzius cells in the molecular layer (ml), 717 

mainly of the suprapyramidal blade. Immature POMC-EGFP-expressing granule cells (green) 718 

from the hilus (h) accumulated in the developing granule cell layer (gcl). Many more neurons 719 

were positive for Prox1 (red). Right panel: Real-time microscopy of POMC-EGFP-labeled 720 

granule cells migrating from the hilar region toward the granule cell layer in a hippocampal 721 

slice culture. The migratory routes of six selected POMC-EGFP granule cells are indicated 722 

(initial and end positions in red, trajectories in white; see also Video 1); su, in: supra- and 723 

infrapyramidal blades. Analysis of trajectories in -Euclidean space. Diagrams: red dots 724 

indicate granule cells reaching the suprapyramidal blade (su); blue dots represent cells 725 

migrating toward the infrapyramidal blade (in), and black dots highlight cells migrating toward 726 

the hilus (h) and/or CA3, trajectories are highlighted with violet. POMC-EGFP-expressing 727 

granule cells migrated preferentially toward the suprapyramidal blade. Vector analysis 728 

showed direction (arrows) and magnitude (integrated green area) of neuronal migration. 729 

Highest vector integral counts were found in the third quadrant, where cells had migrated 730 

toward the suprapyramidal blade. B, In reeler, the dentate granule cells were dispersed all 731 

over the hilus and invaded the inner portion of the molecular layer; a compact granule cell 732 

layer was missing. See also Video 2. In contrast to wild-type neurons, highest vector and 733 

trajectory integral counts of reeler neurons were found in the first and second quadrants. C, 734 

In ApoER2-/- mutants many granule cells remained in the hilus with short migratory 735 

trajectories. D, In slice cultures from VLDLR-/- mice, numerous granule cells migrated 736 

normally toward the granule cell layer and occasionally “overmigrated” to the molecular layer 737 

or moved horizontally along the border between the granule cell and molecular layers. C,D, 738 

Analysis of trajectories and vector integrals indicated that the two Reelin receptors 739 

compensated for each other to some extent. A-D, Scale bars: 50 μm. 740 
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 741 

Figure 2. Migration speed of POMC-EGFP granule cells in slice cultures from wild-type 742 

animals and mutants with deficient Reelin signaling. A-F, Frequency distribution of somal 743 

speed of > 10 granule cells per genotype (mean + SD) in slice cultures from wild-type mice 744 

(A), reeler (B), ApoER2/VLDLR double knockout mice (C), Dab1-/- (D), ApoER2-/- (E), and 745 

VLDLR-/- mutants (F). G, Migratory speed of POMC-EGFP granule cells in slice cultures of 746 

the different genotypes; mean + SD; n = 80 (wild-type cells); n = 80 (reeler cells); n = 82 747 

(ApoER2/VLDLR double knockout cells); n = 82 (Dab1-/- cells); n = 91 (ApoER2-/- cells); n = 748 

84 (VLDLR-/- cells); one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test 749 

with α = 0.01; five independent experiments per genotype were evaluated; ns, not significant. 750 

H, Percentage (mean ± SD) of POMC-EGFP granule cells in wild-type and mutant cultures 751 

migrating toward the marginal zone (outer molecular layer) of the dentate gyrus, hilus, and 752 

hippocampal region CA3. A-H, Mixed populations of female and male mice per each 753 

condition were used. 754 

 755 

Figure 3. Migration modes of wild-type and reeler dentate granule cells. A, Right: Radial 756 

migration of a wild-type POMC-EGFP granule cell (red contours indicate final positions) from 757 

the hilus (h) toward the granule cell layer (gcl).  Left: cartoon shows migrating neurons at 758 

selected time points, arrowheads indicate the positions of the cell soma, red arrows - 759 

extension of leading processes and migratory direction. Scale bar: 10 μm. B, Tangential 760 

migration of two wild-type POMC-EGFP granule cells (red and yellow contours) in parallel to 761 

the gcl. Scale bar: 10 μm. C, “Converted” tangential migration of a wild-type granule cell; red 762 

arrows indicate extension of leading processes and migratory direction; dashed red arrow 763 

indicates retraction of a former leading process. Scale bar: 10 μm. D, Misorientation of 764 

leading processes and aberrant migration of POMC-EGFP neurons toward the CA3 in reeler 765 

slices. Scale bar: 10 μm. E, Reeler dentate granule cells branched at multiple sites and 766 

retracted their processes (dashed red lines) while migrating to the hilus. 767 

 768 
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Figure 4. Redirecting migrating reeler neurons by normotopic and ectopic, ubiquitous 769 

presentation of a Reelin source. A, Schematic representation of the co-culture approach 770 

used in the present study. A wild-type hippocampal slice from a P6 animal was co-cultured to 771 

a newborn (P0) reeler hippocampal slice to provide the reeler dentate gyrus with a Reelin-772 

containing zone (Cajal-Retzius cells, violet) in normal topographical position. B, Co-culture 773 

experiment: initial positions of five migrating granule cells in the reeler dentate area and their 774 

migratory routes (large white arrows) toward the border with the wild-type culture (dashed 775 

white line) are indicated. Note the reorientation of the leading processes of the cells toward 776 

the Reelin-containing zone. Scale bar: 50 μm. C, Same co-culture after fixation and staining 777 

for Reelin and Prox1. White rectangle, high magnification of neurons with leading processes 778 

(arrowheads) oriented toward the Reelin front. Scale bars: 50 μm. D,E, Analysis of 779 

trajectories and vector counts. Granule cells migrated directly toward the Reelin-containing 780 

zone provided by the outer molecular layer of the co-cultured dentate gyrus. The cells 781 

migrated toward the infrapyramidal blade of the P6 wild-type culture, which at this postnatal 782 

stage contains many CR cells. For a long term rescue, see also Video 3. F, A reeler 783 

hippocampal slice culture exposed to recombinant Reelin in the medium. Arrows indicate 784 

multidirectional migration of reeler dentate cells. Reeler neurons were scattered all over the 785 

hilus (h) and invaded the molecular layer (white dashed line) of the supra- (su) and 786 

infrapyramidal (in) blades. Scale bar: 50 μm. G,H, Analysis of trajectories and vector counts. 787 

After treatment with recombinant Reelin, granule cells migrated randomly in all quadrants 788 

with longer trajectories and partially higher value counts of the migration vectors (violet 789 

arrows) than untreated reeler neurons. I-K, In contrast to reeler, the migration of Dab1-/- 790 

neurons was not stimulated after addition of recombinant Reelin and many cells remained in 791 

the hilar region. Scale bar: 50 μm. 792 

 793 

Figure 5. Recombinant Reelin induces Dab1 phosphorylation in reeler. A, Immunoblot 794 

analysis for phosphotyrosine (anti-pY, corresponding bands for phosphorylated Dab1 are 795 

indicated as p-Dab1) and total Dab1 expression levels in lysates from embryonic primary 796 
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cortex neurons after treatment with recombinant Reelin in comparison to mock-treated 797 

neurons. An actin antibody was used to control loading. Molecular weights are indicated in 798 

kDa. Grey asterisk indicates non-specific Dab1-bands. Densitometric quantification showed 799 

increased phosphorylation of Dab1 after Reelin treatment (p-Dab1/Dab1 intensity ratios were 800 

normalized on the mock condition and the actin signal, and are presented as means ± SD 801 

from three independent experiments, *P = 0.028, parametric unpaired two-tailed t-test with 802 

Welch’s correction). B, Immunoblot analysis of Reelin expression levels in homogenized 803 

reeler dentate gyri after co-culture with wild-type tissue or treatment with recombinant Reelin 804 

or in co-culture to another reeler slice; three representative samples for each condition are 805 

shown; Reelin was detected in a 7% gel (upper part), actin in a 15% gel (lower part); after 806 

Reelin detection, the membrane was cut (dashed line) and the lower membrane part was 807 

used for actin detection. Grey asterisk indicates non-specific bands. Densitometric 808 

quantification showing Reelin/actin intensity ratios normalized on the co-culture (wt + reeler) 809 

condition presents means ± SD from seven independent experiments, **P = 0.007, unpaired 810 

two-tailed t-test with non-parametric Mann-Whitney comparison). C, Immunoblot analysis for 811 

phosphotyrosine (pY, corresponding bands for phosphorylated Dab1 are indicated as p-812 

Dab1), Dab1 and actin expression levels in homogenized and heparin-precleared reeler 813 

dentate gyri after co-culture with wild-type tissue, or treatment with recombinant Reelin or a 814 

mock solution. Reelin- and mock-treated Dab1-/- dentate gyrus homogenates served as 815 

negative controls. Grey asterisk indicates non-specific Dab1-bands. Densitometric 816 

quantifications showed increased phosphorylation of Dab1 after Reelin treatment (p-817 

Dab1/Dab1 intensity ratios were normalized on the condition of mock-treated reeler and the 818 

actin signal, and are presented as means ± SD, *P = 0.014, one-way analysis of variance 819 

(ANOVA) with Kruskal-Wallis test). 820 

 821 

Figure 6. Summary diagram illustrating Reelin-dependent directed migration of POMC-822 

EGFP granule cells toward the granule cell layer in the dentate gyrus of wild-type mice and 823 

aberrant migration in the dentate area of reeler. Green cells: POMC-EGFP expressing, 824 
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migrating granule cells. Grey cells: Postmigratory granule cells having lost their POMC-825 

EGFP expression. In the wild-type culture the migratory route of an example granule cell 826 

from the hilus to its arrival position in the granule cell layer (green neuron) is shown. As the 827 

cell continues its development by additional branching, the EGFP-expression decreases. In 828 

contrast to the directed migration in the wild-type dentate gyrus, POMC-EGFP-expressing 829 

migrating reeler granule cells move in various directions, and postmigratory neurons do not 830 

form a compact cell layer, but they are scattered all over the dentate area.  831 
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Video legends 832 

 833 

Video 1. Migration of wild-type dentate granule cells. Newborn granule cells (green) migrate 834 

from the hilus toward the suprapyramidal blade of the dentate gyrus to form a granule cell 835 

layer. Circles mark cells protruding into the emerging layer. Note that the development of the 836 

suprapyramidal blade precedes that of the infrapyramidal blade. 837 

 838 

Video 2. Migration of reeler dentate granule cells. Newborn reeler granule cells (green) form 839 

branches at multiple sites and do not show a preferred direction of movement. Note that 840 

reeler granule cells are misplaced and spread all over the dentate area. 841 

 842 

Video 3. Formation of a granule cell layer in a long-term co-culture. Asterisk indicates the 843 

Reelin-containing zone; gcl, developing granule cell layer. 844 




















