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Abstract 
 

Patients with biallelic mutations in the Cyclin-dependent kinase 5 regulatory subunit-

associated protein 2 (CDK5RAP2) gene suffer from autosomal recessive primary 

microcephaly type 3 (MCPH3) and intellectual disability at birth. Microcephaly is due to a 

reduction of brain volume which affects disproportionately the grey matter. Cdk5rap2 mutant 

or Hertwig’s anemia mice (an/an) have small brains and thin cortices already at early stages 

of neurogenesis. Cdk5rap2 is a centrosomal protein highly expressed in the neural 

progenitor pool. Although the microcephaly phenotype in an/an has been explained by many 

mechanisms, the exact effect of a loss of Cdk5rap2 function on neurogenesis and neuronal 

differentiation is not known. On the other hand, Cdk5rap2 is expressed in various tissues, 

and, thus, other organs in an/an might be affected as well. Indeed, an/an males are infertile 

secondary to a severe germ cell deficiency. However, the mechanisms behind germ cell loss 

have not been studied before. 

  

 The aim of my PhD project was to improve our understanding of the role of Cdk5rap2. 

First, we aimed to analyse the effects of a loss of Cdk5rap2 function on neurogenesis and 

on the differentiation of neocortical neurons in an/an. Second, the expression pattern of 

Cdk5rap2 and the germline defect in an/an prompted us to further analyse the germline 

development in these mice. In order to study the phenotype of neocortical neurons in an/an, 

we applied a modified Golgi-Cox staining protocol. We detected a reduction in the dendritic 

complexity but an increase in the spine density of layer II-III pyramidal neurons in an/an mice 

when compared to wild type (+/+) littermates. Electrophysiological analysis showed an 

increase in layer II-III pyramidal neurons mEPSC frequency already at the beginning of 

synaptogenesis in (P6/7) an/an as a possible correlate for epilepsy in some patients with 

MCPH. In addition, we reported a critical role of Cdk5rap2 in maintaining the germ cell pool. 

We found that infertility in an/an is due to an early developmental defect in the germ cells 

through mitotic delay, prolonged cell cycle and apoptosis. 

   

 We highlight that a neuronal differentiation defect, especially in the upper cortical 

layers, contributes to the microcephaly phenotype in MCPH. We also show that Cdk5rap2 
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plays a major role in maintaining the germ cell pool during development. Understanding the 

cause leading to infertility is likewise important for understanding the fate of neural 

progenitors and thus mechanisms leading to microcephaly in MCPH. 
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Zusammenfassung 
 

Biallele Mutationen im Cyclin-dependent kinase 5 regulatory subunit-associated protein 2 

Gen (CDK5RAP2) verursachen die Autosomal rezessive primäre Mikrozephalie Typ 3 

(MCPH3). Patienten mit MCPH3 weisen eine schwere Mikrozephalie bei Geburt und eine 

Intelligenzminderung auf. Die Mikrozephalie ist auf eine Reduktion des Hirnvolumens 

zurückzuführen, die überproportional die graue Substanz betrifft. Cdk5rap2 mutante Mäuse 

oder Hertwig Anämie Mäuse (an/an) haben bereits im frühen Stadien der Neurogenese 

kleine Gehirne und dünne Kortizes. Cdk5rap2 ist ein zentrosomales Protein, das im 

neuronalen Vorläuferpool exprimiert wird. Obgleich einige potentielle Mechanismen, die zur 

Mikrozephalie der an/an-Mäuse beitragen, publiziert worden sind, ist der genaue Effekt eines 

Verlustes der Funktion von Cdk5rap2 auf die Neurogenese und die neuronale 

Differenzierung nicht bekannt. Darüber hinaus wird Cdk5rap2 in verschiedenen Geweben 

exprimiert, was eine Beteiligung weiterer Organe vermuten lässt. In der Tat sind an/an-

Männlichen als Folge eines Verlustes ihrer Keimzellen unfruchtbar. Auch in diesem Fall sind 

die zugrundeliegenden Mechanismen unklar. 

 

Ziel meines Dissertationsprojekts war es, das Verständnis für die Funktion von 

Cdk5rap2 zu verbessern. Zunächst zielten wir darauf ab, die Auswirkungen eines Verlustes 

von Cdk5rap2 auf die Neurogenese und die Differenzierung neokortikaler Neurone in an/an-

Mäusen zu analysieren. Um den Phänotyp neokortikaler Neuronen in an/an-Mäusen zu 

untersuchen, wurde ein modifiziertes Golgi Cox-Färbeprotokoll angewendet. Wir fanden eine 

Verringerung der dendritischen Komplexität, aber eine höhere Dichte an Spines der Neurone 

in der Rindenschicht II-III in an/an-Mäusen im Vergleich zu Wildtypen (+/+). Darüber hinaus 

detektierten wir, mittels elektrophysiologischer Untersuchungen, bereits bei Beginn der 

Synaptogenese eine Zunahme der mEPSC-Frequenz der Neurone in der Rindenschicht II-

III in den mutanten Mäusen. Letztere kann ein Korrelat für die bei einigen Patienten mit 

MCPH beschriebene Epilepsie darstellen. In einem weiteren Teil meines Projekts 

veranlasste uns das Expressionsmuster von Cdk5rap2 und der Keimbahndefekt in an/an-

Mäusen dazu, die Keimbahnentwicklung bei diesen Mäusen weiter zu analysieren. Wir 

fanden, dass die Infertilität der an/an-Mäuse auf einen frühen Entwicklungsdefekt in den 
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Keimzellen durch eine Verzögerung der Mitose, einen verlängerten Zellzyklus und Apoptose 

zurückzuführen ist. 

 

In meiner Dissertationsarbeit konnte ich somit zusammenfassend zeigen, dass ein 

neuronaler Differenzierungsdefekt, insbesondere in den oberen kortikalen Schichten, zum 

Mikrozephalie Phänotyp bei MCPH3 beiträgt. Ich konnte zudem zeigen, dass Cdk5rap2 eine 

wichtige Rolle bei der Erhaltung des Keimzellpools während der Entwicklung innehat. Das 

Verständnis der Ursache für die Infertilität ist potentiell entscheidend für das Verständnis von 

Mechanismen, die zu Mikrozephalie in MCPH führen.  
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1. Introduction 
1.1 Autosomal recessive primary microcephaly (MCPH) 

Microcephaly is a clinical sign of small cranium with a significant reduction in the occipito-

frontal head circumference (OFC) for more than two to three standard deviations (SD) below 

the mean for age, sex, and ethnicity. Microcephaly can be caused by environmental or 

genetic factors and is referred to as primary if it becomes apparent congenitally or secondary 

when it develops postnatally. Autosomal recessive primary microcephaly (MicroCephaly 

Primary Hereditary; MCPH) is a rare neurodevelopmental disorder which has a prevalence 

of 1:30,000 to 1:250,000 live births (1). It is characterized by intellectual disability and 

microcephaly at birth due to severe reduction in brain volume (affecting disproportionately 

the neocortex) (2,3) (Fig. 1). Many patients suffer from hyperactivity, and some have 

epilepsy (2). So far, seventeen genes have been linked to MCPH world-wide and are referred 

to as MCPH1-MCPH17. Most MCPH proteins localize to the centrosome and the 

pericentriolar matrix. Most MCPH gene mutations lead to the production of non-functional, 

truncated proteins (2,4). 

 
1.2 MCPH pathomechanisms 

MCPH is currently acknowledged as a model disorder for an isolated brain phenotype. The 

microcephaly phenotype has been linked for long time to a stem cell defect with premature 

shift from symmetric to asymmetric progenitor cell divisions, leading to premature 

neurogenesis, a depletion of the progenitor pool and a reduction of the final number of 

neurons (2,5-7). In this line, a shift of the cleavage plane is likely not the only underlying 

mechanism as some MCPH mouse models - where the cleavage plane is unaffected - still 

show microcephaly (8,9). Additional studies also linked microcephaly phenotype to defects 

in chromosome condensation, microtubule dynamics, cell cycle checkpoint control and/or 

DNA damage-response signaling during embryonic neurogenesis (reviewed in (3,10)) (Fig. 
1). Our research group also reported that the depletion of Cdk5rap2 in murine embryonic 

stem cell (mESC) leads to a reduced propagation and survival of neural progenitors (11). 

More recently, it has been shown that mitotic delay in the neuronal progeny that leads to 

increase apoptosis is the major cause of microcephaly phenotype in Magoh+/- mutant mouse 

model (12). 
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1.3 MCPH type 3 (MCPH3) 
Biallelic mutations in the Cyclin-dependent kinase 5 regulatory subunit-associated protein 2 

(CDK5RAP2) gene cause MCPH type 3 (13,14). Currently there are five identified 

CDK5RAP2 mutations in three Pakistani families, one Italian family and one Somali child: (i) 

a nonsense mutation in exon 4 (c.246T>A, p.Y82X) introducing a new splice acceptor site 

(14,15), (ii) a mutation in intron 26 (IVS26-15A>G, R1334SfsX5) resulting in a premature 

stop codon (14), (iii) a nonsense mutation in exon 8 (c.700G>T, p.E234X) introducing a frame 

shift (16), (iv) a nonsense mutation in exon 30 (c.4441C>T, p.R1481X) (17) and (v) a 

heterozygous mutation introducing a frame shift and a splicing respectively (c.524_528del 

and c.4005-1 G>A) (18). 

 
 

Figure 1. Illustration of the brain phenotype in MCPH patients and the main roles of MCPH 
proteins. Note the typical reduction in the brain volume and the simplification in cortical gyration of 

an otherwise architecturally normal brain. MCPH proteins are involved in cell cycle dynamics, 

ciliogenesis, the centrosome, neurogenesis, and neuronal migration.  
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1.4 CDK5RAP2 

The human CDK5RAP2 gene, composed of 38 exons, encodes 1893 amino acid protein. 

CDK5RAP2 full length protein contains an N-terminal interaction site with the gamma-tubulin 

ring complex (γTuRC), a C-terminal interaction site with CDK5 regulatory subunit 1 

(CDK5R1) interacting domain and several coiled-coil domains. Ortholog genes with similar 

domain structures are also found in other model organisms such as apes, cows, dogs, rats, 

mice and chicken (for review, see (3)). 

 Cdk5rap2 is highly expressed in the neural progenitor pool and its loss results in a 

depletion of apical progenitors and increased cell-cycle exit leading to premature neuronal 

differentiation (6). Other studies have shown that Cdk5rap2 plays roles in the cleavage plane 

orientation of apical progenitors (7), the maintenance of the centriole engagement and 

cohesion (19), the microtubule organizing function of the centrosome through interaction with 

the gamma tubulin ring complex (уTuRC; (20)) and the proper spindle formation and 

chromosome segregation (14). Moreover, our research group found intriguing concordance 

between regions of high Cdk5rap2 expression in the mouse and sites of pathology suggested 

by neuroimaging in humans and from mouse studies (21). These findings in human tissue 

confirm those in mouse tissues, underlining the function of CDK5RAP2 in cell proliferation 

and arguing for a conserved role of this protein in the development of the mammalian 

cerebral cortex. 

  

1.5 MCPH3 animal models 
Cdk5rap2 mutant or Hertwig’s anemia mice (an/an), which arose from a heavily irradiated 

mouse, were previously known solely for their hematopoietic phenotype (macrocytic, 

hypoproliferative anemia, leucopenia) (22). The an/an males are infertile secondary to a 

severe germ cell deficiency, and an/an females cannot deliver pups (23). Additionally, high 

level of abnormal chromosome number (aneuploidy) has been reported in these mice (24). 

Recent identification of an exon 4 inversion in an/an Cdk5rap2 gene led to their neurological 

assessment and their identification as an MCPH3 model (7). Cdk5rap2 is highly expressed 

in the neural progenitor pool, and an/an have small brains and thin cortices already at early 

stages of neurogenesis during embryonal development (6,7). 
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 Drosophila embryos mutant for the Cdk5rap2 homologous gene centrosomin (cnn-/-) 

are viable, and only subtle defects of asymmetric divisions occurred in cnn mutant 

neuroblasts (no reduction of brain size) (25,26). It has been illustrated that cnn is required 

for centrosome cohesion and for docking of the γTuRC to the centrosome via its N-terminal 

domain (25,27).  

 
2. Aims 
In the first part of my PhD thesis project, we analyzed the effects of a loss of Cdk5rap2 

function on neurogenesis and on the differentiation of neocortical neurons in an/an as a 

mouse model of MCPH3. For this, we applied Nissl and several immunohistochemistry 

staining methods on brain sections of both wild type (+/+) and an/an mice. We also 

succeeded in applying our modified protocol of Golgi Cox staining (28) to detect possible 

changes in dendriric complexity of layer II/III neocortical neurons. In collaboration with Prof. 

Dr. Christian Rosenmund, NeuroCure, Charité, neuronal excitation-inhibition and circuitry 

formation in mixed-cerebral in-vitro cultures from +/+ and an/an mice were analysed. In 

addition, the neurons of layer II/III in ex-vivo brain samples were patched and studied for the 

neuronal activity at postnatal day 6/7 (P6/P7) and at adult ages in collaboration with PD Dr. 

Ulf Strauss, Institute for Cell Biology and Neurobiology, Charité. This was particularly 

intriguing as smaller brain volume does not necessarily correlate with IQ and MCPH patients 

suffer from hyperactivity and epilepsy.  

 The expression pattern of Cdk5rap2 and the germline defect in an/an prompted us to 

further analyse the germline development in these mice in a second part of my PhD thesis 

project. We studied +/+ and an/an testis samples from both postnatal day 0 (P0) and adult 

(P53-P79) mice. As we found a severe phenotype defect at P0 age, we then studied 

embryonic sections of an/an mice at the level of the testes and the genital ridges at 

embryonal day 14.5 (E14.5) and E12.5 respectively. To further investigate the fate of the 

germ cells in an/an mice, we analyzed their proliferation and apoptosis behavior at E11.5 

and E12.5. 
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3. Methodology 
3.1 Mice 

an/an carrying an inversion of exon 4 (that leads to exon skipping;(7)) were generated by 

crossing heterozygous (+/an) mice (C57BL/6 background; Jackson lab, Stock No: 002306). 

Genotyping was confirmed by PCR primers for (+/+) F 5’-TC ACT GAG CTG AAG AAG GAG 

AA-3’, R 5’-TGT CTT TCT GCC CTG ACA GT-3’ and (an/an) F 5’-GC AAT CAC TAA AAT 

GTC CGA TT-3’, R 5’-TGT CTT TCT GCC CTG ACA GT-3’ with an expected 1047 bp band 

in (+/+), a 500 bp band in (an/an) and both bands in (+/an). All mouse experiments were 

carried out in accordance to the national ethic principles (registration no. T0309/09).  

 
3.2 Histology and immunofluorescence staining 
After dissection, brains were fixed in paraformaldehyde (PFA; 4%) for overnight, dehydrated 

in an ethanol series (50, 70, 85, 90, 100%), cleaned with xylene and embedded in paraffin. 

The tunicae albuginea of adult testes was punctured with a needle to allow rapid penetration 

of the fixative. At E12.5 and E14.5, whole embryos where used. Following fixation in 4% PFA 

for 10 min (P0), 4 h (adult), or overnight (E12.5, E14.5), testes and embryos were proceeded 

as described above. 10 µm brain sections and 5 µm testis/embryos were then cut on a 

microtome and collected on Superfrost plus slides®. 

 Paraffin sections were deparaffinized, exposed to heat-mediated antigen retrieval 

citrate-based solution (pH 6.0; H-3300, Vector Laboratories, USA), blocked for 1 hour with 

10% donkey or goat normal serum at room temperature (RT) and incubated overnight with 

the primary antibody at RT followed by an incubation with the corresponding secondary 

antibodies for 2 hours at RT in dark. The following primary antibodies were used at the 

specified dilutions: rabbit anti-Cux1 (1:200; Santa Cruz Biotechnology, Heidelberg, 

Germany, sc-13024), rat anti-Ctip2 (1:250; Abcam, Cambridge, UK, ab18465), mouse anti-

parvalbumin (PV, 1:2000; Swant, Switzerland, PV 235), guinea pig anti-vesicular glutamate 

transporter 1 (vGlut1, 1:500; Merck-Millipore, Germany, AB5905), rabbit anti-post synaptic 

density 95 (PSD95, 1:200; Synaptic System, Göttingen, Germany, 124-002), rabbit anti-

mouse vasa homolog (MVH/DDX4, 1:500; Abcam, Cambridge, UK, ab13840), rat anti-germ 

cell-specific antigen (TRA98, 1:500; Abcam, ab82527), mouse anti-phospho-histone H3 

(pH3, 1:100; Cell Signaling, Frankfurt, Germany, 9706), rabbit anti-activated cleaved 
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Caspase 3 (1:200, Cell Signaling, 9661), mouse anti-5-Bromo-2'-deoxyuridine (BrdU, 1:300; 

Millipore, MAB3424, clone AH4H7-1) and rat anti-BrdU (1:250; Abcam, ab6326). Secondary 

antibodies (1:400) were goat Alexa Fluor® 488 conjugate anti-mouse IgG, goat Alexa Fluor® 

488 conjugate anti-rabbit IgG, donkey Alexa Fluor® 488 conjugate anti-rat and anti-guinea 

pig IgG (Invitrogen, Darmstadt, Germany), goat Cy3-conjugate anti-rat IgG (Invitrogen, 

Darmstadt, Germany) donkey Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch, 

Suffolk, UK). Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI, 1:1000, Sigma-

Aldrich, USA). 

 P0 and adult testis sections at the position of maximal testis diameter were also 

deparaffinized and stained with Hematoxylin and Eosin staining (H&E). Deparaffinized 

coronal brain sections at the same level of corpus callosum and anterior commissure were 

stained with cresyl violet staining (Nissl). Measurements of testis diameter, parietal cortical 

thickness and of neocortical area were carried out using ImageJ software. 

 

3.3 Cell cycle progression analysis 
Cell cycle progression study in the +/+ and an/an mice was performed by successive pulse 

labeling of heterozygous (an/+) pregnant mice at E11.5 with two different thymidine analogs: 

5-Iodo-2'-deoxyuridine (Iddu) and 5-Bromo-2'-deoxyuridine (BrdU, interval 4 hours). 30 

minutes after the second pulse, the E11.5 embryos were collected and double 

immunostained with Rat anti-Brdu (which detects both Iddu and Brdu labeled cells) and 

Mouse anti-Brdu (which specifically detects Brdu labeled cells). 

 
3.4 Golgi staining, dendritic complexity and spine analysis 
Golgi-Cox impregnation for +/+ and an/an adult brain samples was performed according to 

our published protocol (28). Briefly, brains were cut into two halves, immersed in the 

impregnation solution in darkness at room temperature (RT) for 2 weeks and transferred into 

tissue-protectant solution at 4 °C for 4 days. Brains were then cut into 200 μm for dendritic 

complexity analysis and 100 μm for dendritic spine analysis. Sections were collected on 

gelatin-coated slides, left to dry for two days, developed, dehydrated through ethanol series, 

cleared in xylol solution and mounted in Eukitt (quick-252 hardening mounting medium; 

03989, Fluka analytical, Germany). 
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 For dendritic complexity assessment, Sholl analysis (29) was performed for layer II-III 

pyramidal neurons of matched +/+ and an/an neocortical regions. The total intersection 

number of the dendritic tree with 30 10-µm spaced concentric circles were counted with cell 

counter plug-in available for ImageJ. Simple neurite tracer plug-in available for Fiji/ImageJ 

was used to draw representative neurons. The number of spines was counted in 20 µm long 

segments of secondary dendrites using ImageJ. Spines were classified in to one of three 

morphological subtypes: mushroom which have a large bulbous end, stubby which have no 

neck and thin-shaped which have long neck. 

 

3.5 Electrophysiology on ex-vivo brain slices 
Slices of mouse brains (P6/7 and adult) were used for ex vivo recordings. After deep 

anesthesia with isoflurane, mice were decapitated, brains removed and transferred to ice-

cold artificial cerebrospinal fluid (ACSF). Coronal slices (300 µm nominal thickness) 

containing the somatosensory cortex were cut on a Leica VT1200 (Leica Microsystems, 

Germany). Slices recovered for 30 minutes at 34 °C and were kept at room temperature 

afterwards. 

 Somatic whole-cell recordings were performed in a submerged recording chamber 

perfused with ACSF. Pyramidal neurons were identified in upper layers (II-III) using an 

upright microscope equipped with infrared differential interference contrast optics (Axioskop 

FS2; Zeiss or Olympus BX51, Germany) and approached with patch pipettes (tip resistance 

3 - 5 MΩ). Only neurons with resting potentials below –65 mV and spiking characteristics of 

principal neurons were considered. Spontaneous postsynaptic currents (sPSC) were 

recorded in continuous voltage clamp at a holding potential of –60 mV. Miniature excitatory 

postsynaptic currents (mEPSC) represent AMPA mediated currents (30). Paired EPSCs (50 

ms interval) were elicited by square pulse (100 µs) stimulation of the slice 50 –100 µm lateral 

of the recording electrode at the border between layer II-III and IV with a concentric tungsten 

electrode (TM33CCINS, WPI, USA). 

 Data from patch-clamp recordings were collected with an EPC-10 double amplifier 

(HEKA, Germany), digitized (10 kHz, after Bessel filtering at 2.9 kHz) and stored using 

PatchMaster software (HEKA). Events were detected offline using Mini Analysis Program 

(Synaptosoft Inc., USA).  
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3.6 Imaging 

The brightfield images were taken by Olympus BX60 microscope equipped with an Axiocam 

MRc Zeiss camera and Axiovision 4.8 software (Zeiss, Göttingen, Germany). For studying 

dendritic arborization, 1-µm-spaced Z-stack brightfield images were taken by Olympus IX81 

microscope equipped with a F View II (sw) camera (Soft Imaging System GmbH, Münster, 

Germany).  

 Fluorescent images were taken by Olympus BX51 microscope by an Intas camera 

and Magnafire 2.1B software (Olympus, Hamburg, Germany) and lsm5exciter Zeiss confocal 

microscope with the software Zen (version 2009, Zeiss, Jena, Germany). All images were 

processed using Adobe Photoshop CS6 version 13.0x64 and Fiji/ImageJ software.  

 
3.7 Statistical analysis 
For in vivo parietal cortical thickness, neocortical area, cortical layers, Scholl analysis and 

spine density statistics, two-tailed Students’ t tests were applied. Statistics  of ex-vivo brain 

slices electrophysiology were performed using Origin8.5 (OriginLab, USA). For normal 

distributed datasets (Shapiro-Wilk test) two tailed Student’s t-tests was used. In the case of 

significant deviations from normal distribution (p ≤ 0.05) the non-parametric Mann-Whitney-

U test was used. For comparing probability distributions the Kolmogorov-Smirnov test was 

used. 

 Data of dissociated cell cultures were first tested for a Gaussian distribution with 

D’Agostino and Pearson omnibus normality test. If the data passed the normality test, one-

way ANOVA followed by Bonferroni multiple-comparison tests were performed. Otherwise, 

nonparametric Kruskal-Wallis test followed by Dunn multiple comparison tests were used. 
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4. Results 

4.1 Hypomorphic gross phenotype and embryonic lethality 
The an/an mice can be recognized by their characteristic hypomorphic gross phenotype 

apparent at birth. While the expected Mendelian ratio of an/an mice was found at embryonic 

days E12.5-E14.5 (an/an : an/+ : +/+ = 24 : 43 : 16), only 9.5% of the offspring carried a 

homozygous mutant genotype (an/an) at P0 (an/an : an/+ : +/+ = 46 : 287 : 152), indicating 

in utero lethality. 

 
4.2 Microcephaly with thin neocortex and increase of superficial cortical layers 
relative cell density  
We first studied the general brain architecture in postnatal day 0 (P0) and adult  Nissl-stained 

an/an brain sections. We found that the overall brain size, neocortical area and parietal 

cortical thickness are significantly reduced in the an/an mice when compared to the +/+ 

littermates (Fig. 2). Apart for the general reduction in size, brain structures were normal 

(Fig.2A). We then studied the cortical layer organization in the an/an using immunostaining 

with Cux1 (layers II–IV) and Ctip2 (layers V–VI) markers. We found that the total DAPI+ 

nuclei, Cux1+ and Ctip2+ cortical neurons per view-field at P0 and adult an/an mice are 

significantly reduced in an/an mice. However, the relative number of both layer populations 

with respect to total DAPI+ nuclei is not changed. While both Cux1+ superficial layers and 

Ctip2+ deepest layers are thinner, only the relative thickness of superficial layers is 

significantly reduced in P0 and adult an/an mice. These findings point towards a reduction 

in the space between superficial cortical layer neurons reflected by an increase in the relative 

density. 

 Next, we checked for interneuron pool in an/an brain sections. Using PV as an 

interneuron marker, we found that the number of interneurons positive for PV per view-field 

is reduced in the adult an/an mice while the percentage of these cells in relation to total 

DAPI+ nuclei per view-field is not changed. Together, these data emphasize that the increase 

of superficial cortical layers relative density in an/an mice is rather due to a potential defect 

in neuronal differentiation. 
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4.3 Reduction in the dendritic complexity of layer II-III pyramidal neurons 
To study neuronal differentiation in an/an mice, we applied Golgi staining method on adult 

mouse brains. Using Sholl analysis (29), we counted the number of dendrite intersections 

for concentric circles, centred at the cell body, of gradually increasing radius, up to a distance 

of 300 µm from the soma, to study individual neurons from both +/+ and an/an samples. This 

analysis, which quantifies the dendritic complexity, showed a significantly reduced number 

of apical and basal dendritic intersections of layer II-III pyramidal neurons in the an/an mice 

compared to the +/+ littermates (Fig. 3A,B). This indicates that a neuronal differentiation 

defect in an/an, especially in the upper cortical layers, contributes to the microcephaly 

phenotype in this animal model of MCPH3. 

 
4.4 Increase of layer II-III neuronal activity 
The fact that MCPH patients often suffer from hyperactivity and some from epilepsy 

prompted us to study layer II-III dendritic spine and synaptic development as well as neuronal 

activity in an/an. For this, we analyzed dendritic spines in layer II-III Golgi-stained pyramidal 

neurons and found a significant increase in the number of spines with more thin-shaped 

Figure 2. Microcephaly with thin neocortex and increase of superficial cortical layers relative 
cell density. (A) Coronal brain sections of P0 and adult littermate animals with parietal cortices 

magnified on the right (Nissl staining, DIC images, scale bars 500 μm). (B) Significant reduction of 

the neocortical area and parietal cortical thickness in an/an mice (n=7 animals/group). Error bars 

indicate s.d. Students’ t test: ****p<0.0001. 
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immature subtype in the an/an adult mice compared to the +/+ (Fig. 3C,D). We then recorded 

sPSC of layer II-III pyramidal neurons in ex-vivo adult brain samples. The results showed an 

increase in the mEPSC frequency but no change in amplitude in the an/an when compared 

to the +/+ littermates. 

 To further investigate neuronal activity in an/an mice, we analyzed layer II-III neuronal 

activity in ex-vivo P6/7 brain samples. At this age of early synaptogenesis, we found also an 

increase in the mEPSC frequency but no change in amplitude in the an/an mice when 

compared to the +/+ littermates. In line with these electrophysiological data, we found more 

vGlut/PSD95 positive synapses, an indication of active synapses, in P6/7 an/an layer II-III 

neurons. Taken together, these results indicate an increase of layer II-III neuronal activity in 

an/an mice. 

 
 
 
 
 
 
 
 
  

Figure 3. Layer II-III pyramidal neurons in an/an mice had reduced dendritic complexity, increased 
spine density. (A) Photomicrographs and reconstructed layer II-III pyramidal neurons from both +/+ and 

an/an adult mice (Golgi staining, DIC images, scale bar 100 μm). (B) Scholl analysis plot of dendritic 

complexity. The average numbers of dendritic intersections with circles of 50-110 µm away from the soma 

are reduced in an/an mice (n= 44 +/+ and 39 an/an neurons from 4-6 animals/group). (C) Segments of 

secondary basal dendrites of layer II-III pyramidal neurons from both +/+ and an/an adult mice (Golgi 

staining, DIC images, scale bar 10 μm). (D) The average number of spines per 1 µm-long dendritic 

segments is significantly increased with more thin-shaped immature subtype in an/an mice (n= 410 +/+ 

and 373 an/an spines counted in 34 +/+ and 30 an/an 20 µm-long dendritic segments from 5 

animals/group). Error bars indicate s.e.m. Students’ t test:  *p<0.05, **p<0.01, ***p<0.001.  
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4.5 Sterility in male mice 
Testes of an/an mice at both P0 and adult ages were severely reduced in cross-sectional 

area, weight and testes/body weight ratio. Further analysis of H&E-stained testes revealed 

the absence of gonocytes in P0 an/an testes and of all spermatogenic cells from 

spermatogonia to mature sperms in adult an/an testes (Fig. 4). We further confirmed this by 

immunostaining, applying germ cell markers MVH and TRA98. The seminiferous tubules, 

demarked by Sertoli cells, were normal in architecture, but notably smaller in size in an/an 

mice due to lack of the germ cells. 

 
 
 
 
 
  

Figure 4. Testes of Cdk5rap2 mutant mice lack germ cells. (A-B’) Hypomorphic gross phenotype and 

reduced testis size of P0 and adult an/an mice. Scale bars: 10 mm (A, A’) and 1 mm (B, B’). (C-D’) Testis 

area is reduced in P0 and adult an/an mice at the position of maximal testis diameter. Scale bars 200 µm, 

n=6-7 animals/group. (E-F’) Reduction of testis weight and testis/body weight is already present at P0 in 

an/an mice and also significant in adult mice (n=3-6 (P0) and n=6-7 (adult) animals/group). (G-G’) Absence 

of gonocytes (arrows) in seminiferous tubules at P0 and of spermatogenic cells in adult an/an mice. Scale 

bars 50 µm, H&E staining, DIC images. Error bars indicate s.d., Students’ t-test, *p<0.05, ***p<0.001 

****p<0.0001. 
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4.6 Lack of germ cells in an/an is due to an early developmental defect 
The absence of germ cells in an/an males at P0 points towards an earlier developmental 

defect in the germline. For this, we studied embryonic sections of an/an mice at the level of 

the testes and the genital ridges at E14.5 and E12.5, respectively. At E14.5, testes of an/an 

mice lacked gonocytes positive for MVH or TRA98. Compared to wild type +/+ mice, E12.5 

an/an mouse sections showed a significantly reduced number of gonocytes/primordial germ 

cells (PGCs) in the genital ridge (Fig. 5). We could not detect any aberrant located cells, i.e. 

cells outside the vicinity of the genital ridges. 

 To further investigate the fate of the germ cells in an/an mice, we studied their 

proliferation and apoptosis behavior at E12.5. Here, more germ cells were positive for mitotic 

cell marker (pH3) in an/an compared to +/+ mice. Further analysis of these mitotic cells 

revealed more pro/pro-metaphase cells in an/an compared to +/+ mice. Using activated 

Caspase 3 as an apoptotic cell marker, we found a significant increase in apoptotic germ 

cells in an/an compared to +/+ mice. 

 

4.7 Cdk5rap2 is required for normal germ cell cycle progression  
We also checked germ cell cycle progression in the an/an mice by performing successive 

pulse labeling of heterozygous (an/+) pregnant mice at E11.5 with two different thymidine 

analogs: Iddu and BrdU (interval 4 hours). This enabled us to estimate the ratio of germ cells 

that left the cell cycle within a time frame of 4 hours. In E11.5 +/+ embryos, we found many 

germ cells already exited the cell cycle after 4 hours as detected by exclusive positivity for 

Iddu (54,49 ± 3,2%). In an/an embryos, however, less germ cells had exited the cell cycle 

during the same time frame (39,02 ± 1,8%, P<0.01). 
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Figure 5. Schematic model of mechanism leading to embryonic loss of germ cells in Cdk5rap2 
mutant mice. Germ cells are specified at around E7.5, proliferate and migrate toward the genital 
ridge around E8.5-12.5 in mice. In an/an mice, germ cells undergo massive apoptosis at a time when 
the cells undergo physiologically mitotic arrest (E12.5-E14.5). This cumulates in a loss of germ cells 
during embryonic development, later apparent in male infertility.  
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5. Discussion 
The formation of the mammalian cerebral cortex requires proliferation, migration, 

differentiation and connectivity of neurons. Any defect in one or more of these overlapping 

processes leads to a spectrum of congenital brain malformations. The microcephaly 

phenotype in MCPH has been linked for long time to a stem cell defect with a premature shift 

from symmetric to asymmetric progenitor cell divisions leading to premature neurogenesis, 

a depletion of the progenitor pool and a reduction of the final number of neurons (2,5-7). In 

my PhD thesis project, we observed that a neuronal differentiation defect also contributes to 

the microcephaly phenotype. This was demonstrated by a reduction in the adult an/an 

dendritic complexity of layer II-III pyramidal compared to the +/+ (Fig. 3). Moreover, we found 

an increase in mEPSC frequency (but not amplitude) of these cells already at the beginning 

of synaptogenesis. Consistent with this, we showed an increase in the spine density of layers 

II-III pyramidal neurons in the adult an/an and number of vGlut/PSD95 positive synapses in 

the (P6/7) an/an compared to +/+. These data are in the line of clinical findings of some 

MCPH patients who suffer from hyperactivity and epilepsy (2).  

 Microcephaly has been in the focus of neuroscience for years and even more so in 

the last months due to the Zika virus epidemic (31). Most studies focused naturally on 

microcephaly-linked gene products and their role in brain development, largely neglecting 

their putative functions in the development of other organs. However, Cdk5rap2 is 

ubiquitously expressed (21) and exerts functions such as maintaining centrosome function, 

spindle assembly and orientation and/or cell cycle checkpoint control (3,32). In my PhD 

thesis project, we highlight the critical role of Cdk5rap2 in maintaining the germ cell pool. We 

demonstrate infertility secondary to a loss of spermatogenic cells in adult mice. 

 Normally, germ cells in mice are specified at E6.25–7.25, proliferate and migrate 

toward the genital ridge at E8.5-12.5 and undergo mitotic arrest at E12.5-E14.5 in males (33-

35). The current availability of germ cell markers and the advantage of 

immunohistochemistry technique allowed us to explore the exact time period when these 

cells are lost in an/an during development. We show that germ cells in an/an are already 

significantly reduced in number at E12.5 and lost by E14.5 (Fig. 5). The increase in the 

relative number of mitotic germ cells in E12.5 an/an mice with more cells in pro/pro-

metaphase and a lower total number of germ cells indicate a delay in mitotic progression of 
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these cells. Intriguingly, loss of Cdk5rap2 mutant germ cells in an/an mice occurs at a time 

when these cells physiologically exit the cell cycle and enter a mitotic quiescent phase. Using 

successive pulse labeling technique for proliferative germ cells, we also found that less an/an 

germ cells had exited the cell cycle compared to the +/+. The lack of germ cells in an aberrant 

location at E12.5 renders abnormal migration an unlikely cause of germ cell depletion in 

an/an mice. The normal architecture of testicular somatic cells, Sertoli and Leydig cells, 

suggests that these cells play no major role in an/an germ cell phenotype (Fig. 4). 
 Our results suggest increased apoptosis as a consequence of mitotic delay as the 

likely cause of Cdk5rap2 mutant germ cell depletion. This is in line with recent studies linking 

mitotic delay to increased apoptosis of neuronal progeny (12) as well as evidence stressing 

apoptosis as a critical regulator of the germ cell pool (36). In agreement with a germ cell 

defect in the MCPH3 mouse model, a severe reduction in testis volume due to a massive 

loss of germ cells has been reported in a mouse model of MCPH5 (8). The underlying 

pathomechanism may be similar to that reported here in the MCPH3 mouse model. 

 Understanding the cause leading to infertility is likewise important for understanding 

the fate of neural progenitors and thus mechanisms leading to microcephaly in MCPH. 

Further studies in humans are warranted to analyze the significance of these findings for 

individuals with biallelic CDK5RAP2 gene mutations.  
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8.1 Loss of CDK5RAP2 affects neural mESC differentiation 
Kraemer N, Ravindran E, Zaqout S, Neubert G, Schindler D, Ninnemann O, Graf R, Seiler 

AE, Kaindl AM. Loss of CDK5RAP2 affects neural but not non-neural mESC differentiation 

into cardiomyocytes. Cell Cycle 2015; 14:2044-57 

 

Biallelic mutations in the gene encoding centrosomal CDK5RAP2 lead to autosomal 

recessive primary microcephaly (MCPH), a disorder characterized by pronounced reduction 

in volume of otherwise architectonical normal brains and intellectual deficit. The current 

model for the microcephaly phenotype in MCPH invokes a premature shift from symmetric 

to asymmetric neural progenitor-cell divisions with a subsequent depletion of the progenitor 

pool. The isolated neural phenotype, despite the ubiquitous expression of CDK5RAP2, and 

reports of progressive microcephaly in individual MCPH cases prompted us to investigate 

neural and non-neural differentiation of Cdk5rap2-depleted and control murine embryonic 

stem cells (mESC). We demonstrate an accumulating proliferation defect of neurally 

differentiating Cdk5rap2-depleted mESC and cell death of proliferative and early postmitotic 

cells. A similar effect does not occur in non-neural differentiation into beating 

cardiomyocytes, which is in line with the lack of non-central nervous system features in 

MCPH patients. Our data suggest that MCPH is not only caused by premature differentiation 

of progenitors, but also by reduced propagation and survival of neural progenitors. 

 

http://dx.doi.org/10.1080/15384101.2015.1044169 
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SUMMARY

Gene products linked to microcephaly have been studied foremost for their role in brain development, while their function in the devel-

opment of other organs has been largely neglected. Here, we report the critical role of Cdk5rap2 inmaintaining the germ cell pool during

embryonic development. Wehighlight that infertility in Cdk5rap2mutantmice is secondary to a lack of spermatogenic cells in adult mice

as a result of an early developmental defect in the germ cells through mitotic delay, prolonged cell cycle, and apoptosis.

INTRODUCTION

Biallelic mutations in the cyclin-dependent kinase-5

regulatory subunit-associated protein 2 gene CDK5RAP2

cause autosomal recessive primary microcephaly type 3

(MCPH3), a rare disease characterized by severe congenital

microcephaly and intellectual disability ( Bond et al., 2005;

Kaindl et al., 2010; Kraemer et al., 2011; Moynihan et al.,

2000). MCPH is acknowledged as a model disorder for

an isolated brain phenotype. Recent data link the brain

phenotype to a stem cell defect with premature shift from

symmetric to asymmetric progenitor cell divisions, leading

to premature neurogenesis, a depletion of the progenitor

(Buchman et al., 2010; Fish et al., 2006; Kaindl et al.,

2010; Lizarraga et al., 2010 ). In addition, reduced propaga-

tion and survival of differentiating neural progenitors have

been shown (Kraemer et al., 2015 ).

Despite the highlighted brain phenotype, it needs to be

noted that Cdk5rap2 is ubiquitously expressed ( Issa et al.,

2013) and exerts functions such as maintaining centro-

some function, spindle assembly and orientation, and/or

cell cycle checkpoint control (Kraemer et al., 2011; Megraw

et al., 2011) that are likely relevant also to other organs. So

far, no progeny of affected humans has been reported, indi-

cating a potential role of CDK5RAP2 for the germline.

Moreover, a loss of the CDK5RAP2 homologous gene cen-

trosomin (cnn) in Drosophila causes malfunctions in

meiotic centrosomes and spermatid basal bodies leading

to male sterility (Li et al., 1998). Cdk5rap2 mutant or Hert-

wig�s anemia (an/an) mice were known solely for their

hematopoietic phenotype (macrocytic, hypoproliferative

MCPH3 model with microcephaly in 2010 ( Lizarraga

et al., 2010). Homozygous male Cdk5rap2 mutant mice

and females cannot deliver pups ( Lizarraga et al., 2010;

Russell et al., 1985). Here, we show that germ cell deple-

tion in an/an mice occurs already during early develop-

ment through a mitotic delay, prolonged cell cycle, and

apoptosis.

RESULTS AND DISCUSSION

Hypomorphic Gross Phenotype and Embryonic

Lethality

The an/an mice can be recognized by their characteristic

hypomorphic gross phenotype apparent at birth ( Figures

1A and 1A0). While the expected Mendelian ratio of an/

an mice was found at embryonic days E12.5�E14.5 ( an/

an: an/+: +/+ = 24: 43: 16), only 9.5% of the offspring

carried a homozygous mutant genotype ( an/an) at P0 (an/

an: an/+: +/+ = 46: 287: 152; Figure S1), indicating in utero

lethality.

Sterility in Male Mice

Testes of an/anmice at both P0 and adult ages were severely

reduced in cross-sectional area, weight, and testes/body

weight ratio (Figures 1B�1F0). Further analysis of H&E-

stained testes revealed the absence of gonocytes in P0 an/

an testes and of all spermatogenic cells from spermatogonia

tomature sperms in adult an/an testes (Figures 1G and1G 0).

germ cell markers anti-mouse vasa homolog (MVH) and

Figure 2A and

data not shown). The seminiferous tubules, demarked by

Sertoli cells, were normal in architecture, but notably
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smaller in size in an/an mice due to lack of the germ cells.

The Sertoli and Leydig cells appear normal, suggesting

that these testicular somatic cells play no major role in

an/an germ cell phenotype. Intriguingly, neither uterus

nor ovaries could be detected in adult an/an females

(Figure S2).

Lack of Germ Cells in an/an Mice Is due to an Early

Developmental Defect

The absence of germ cells in an/an males at P0 points to-

ward an earlier developmental defect in the germline. Nor-

erate andmigrate toward thegenital ridge at E8.5�12.5, and

undergo mitotic arrest at E12.5�E14.5 in males ( De Felici,

2009; McLaren, 2003; Western et al., 2008 ). The current

availability of germ cell markers and the advantage of

immunohistochemistry techniques allowed us to explore

the exact time period when these cells are lost in an/an

mice during development. For this, we studied embryonic

sections of an/anmice at the level of the testes and the gen-

ital ridges at E14.5 and E12.5, respectively. At E14.5, testes

of an/anmice lacked gonocytes positive forMVH or TRA98

(Figure 2A and data not shown). Compared with wild-

type +/+ mice, E12.5 an/an mouse sections showed a

Figure 1. Testes of Cdk5rap2 Mutant Mice Lack Germ Cells

(A�B 0) Hypomorphic gross phenotype and reduced testis size of P0 and adult an/an mice. Scale bars, 10mm (A and A 0) and 1mm (B and B 0).

(C�D0) Testis area is reduced in P0 and adult an/an mice at the position of maximal testis diameter. Scale bars, 200 mm, n = 6�7 animals/

group.

(E�F0) Reduction of testis weight and testis/body weight is already present at P0 in an/an

(P0) and n = 6�7 (adult) animals/group.

(G�G0) Absence of gonocytes (arrows) in seminiferous tubules at P0 and of spermatogenic cells in adult an/an mice. Scale bars, 50 mm, H&E

staining, differential interference contrast images.

Error bars indicate SD, Student�s t test, *p < 0.05, ***p < 0.001, ****p < 0.0001.
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germ cells in the genital ridge ( Figure 2A). We could not

detect any aberrant located cells, i.e., cells outside the vicin-

ity of the genital ridges. Thus, abnormal migration is un-

likely the cause of germ cell depletion in an/anmice.

To further investigate the fate of the germ cells in an/an

mice, we studied their proliferation and apoptosis behavior

at E12.5.Here,more germ cells were positive formitotic cell

marker phospho-histone H3 (pH3) in an/an compared

with +/+ mice (Figure 2B). Further analysis of these mitotic

cells revealed more pro/pro-metaphase cells in an/an

compared with +/+ mice ( Figure 2B). Using activated cas-

increase in apoptotic germ cells in an/an compared

with +/+mice (Figure 2C). The increase in the relative num-

ber of mitotic germ cells in E12.5 an/an mice with more

cells in pro/pro-metaphase and a lower total number of

germ cells indicate a delay in mitotic progression of these

cells. Intriguingly, loss of Cdk5rap2 mutant germ cells in

an/an mice occurs at a time when these cells physiologi-

cally exit the cell cycle and enter amitotic quiescent phase.

Cdk5rap2 Is Required for Normal Germ Cell Cycle

Progression

We then asked whether germ cell cycle progression is

affected in an/an mice. To answer this, we performed suc-

cessive pulse labeling of heterozygous (an/+) pregnant

mice at E11.5 with two different thymidine analogs:

5-iodo-20-deoxyuridine (IddU) and 5-bromo-2 0-deoxyuri-

dine (BrdU, interval 4 hr). Thirty minutes after the second

pulse, the E11.5 embryos were collected and double

immunostained with rat anti-BrdU (which detects both

IddU- and BrdU-labeled cells) andmouse anti-BrdU (which

Figure 3A). This

enabled us to estimate the ratio of germ cells that left the

cell cyclewithin a time frame of 4 hr. In E11.5 +/+ embryos,

we found that many germ cells already exited the cell cycle

after 4 hr, as detected by exclusive positivity for IddU

(54.49% ± 3.2%). In an/an embryos, however, less germ

cells had exited the cell cycle during the same time frame

(39.02% ± 1.8%, p < 0.01) (Figure 3).

Our results suggest increased apoptosis as a consequence

of mitotic delay and prolonged cell cycle as the likely cause

ofCdk5rap2mutant germcell depletion ( Figure 4). This is in

line with recent studies linking mitotic delay to increased

apoptosis of neuronal progeny (Pilaz et al., 2016) as well

as evidence stressing apoptosis as a critical regulator of the

germ cell pool (Aitken et al., 2011). In agreement with a

germcell defect in theMCPH3mousemodel, a severe reduc-

tion in testis volume due to a massive loss of germ cells has

been reported in a mouse model of MCPH5 ( Pulvers et al.,

2010). The underlying pathomechanism may be similar

ings highlight the critical role of Cdk5rap2 in maintaining

the germ cell pool during embryonic development in

mice. Compared with centrosomin mutant Drosophila (Li

et al., 1998), the stronger phenotype and the different

that Cdk5rap2 has gained additional functions during evo-

lution. We report prolonged mitosis of germ cells parallel

to (andputatively leading to)massiveapoptosis in theprog-

eny as a cause of infertility. Understanding the cause lead-

ing to infertility is likewise important for understanding

the fateof neural progenitors and thusmechanisms leading

to microcephaly in MCPH.

EXPERIMENTAL PROCEDURES

Mice

Cdk5rap2 mutant or Hertwig�s anemia mice ( an/an) carrying an

inversion of exon 4 (that leads to exon skipping [ Lizarraga et al.,

2010]) were generated by crossing heterozygous (+/ an) mice

(C57BL/6 background; Jackson Laboratory, stock no. 002306).

The breeding was performed during the day at the animal facility

of the Charité � Universitätsmedizin Berlin, Germany. The adult

mice included in this study were P53-P79. Genotyping was

performed using the PCR primers for (+/+) F 5 0 -TC ACT GAG

CTG AAG AAG GAG AA-3 0, R 50-TGT CTT TCT GCC CTG ACA

GT-30 and (an/an) F 50-GC AAT CAC TAA AAT GTC CGA TT-30 ,

R 50-TGT CTT TCT GCC CTG ACA GT-30 with an expected

1,047 bp band in +/+, a 500 bp band in an/an, and both bands in

(+/an). All experiments were carried out in accordance with the na-

tional ethics principles (registration no. T0309.09).

Histology and Immunoßuorescence Staining

After dissection, the tunica albuginea of adult testes was punctured

Figure 2. Germ Cells in Cdk5rap2 Mutant Mice Are Lost by E14.5

(A) MVH-positive germ cells are reduced in number in the genital ridge of E12.5 an/an mice and are absent by E14.5. Scale bars, 100 mm.

(B) Increase in the relative number of mitotic germ cells (MVH and pH3 double-positive cells) in an/an mice with more cells in pro/pro

metaphase. Scale bars, 100 mm (upper panel) and 10 mm (lower panel); average of 472 germ cells counted per +/+ animal and 113 germ

cells counted per an/an animal.

(C) Increase in the relative number of apoptotic germ cells (TRA98 and activated caspase-3 double-positive cells) in an/an mice. Scale

bars, 100 mm; average of 246 germ cells counted per +/+ animal and 96 germ cells counted per an/an

n = 4�5 (E12.5), n = 6 (E14.5), n = 5�6 (P0), and n = 6�7 (adult) animals/group.

Error bars indicate SEM, Student�s t test, *p < 0.05, **p < 0.01, ****p < 0.0001.
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paraformaldehyde in 0.12 M TPO 4 phosphate buffer). At E12.5 and

4hr (adult), or overnight (E12.5, E14.5), testes and embryoswere de-

hydrated in an ethanol series (50%, 70%, 85%, 90%, and 100%),

mm

were cut on amicrotome and collected on Superfrost Plus slides.

P0 and adult testes sections at the position of maximal testis

antigen retrieval step with citrate-based solution (H-3300, pH 6.0),

blocked in 10% donkey or goat normal serum for 1 hr at room tem-

perature (RT) prior to incubation with the primary antibodies over-

night in a humid chamber at RT. Sections were then incubated with

the corresponding secondary antibodies for 2 hr at RT, followed by

PBS 13 rinsing and treatment with a solution containing 10 mM

CuSO4and50mMNH4

the sections were washed with dd-H 2O and mounted with Immu-

Mount. Primary antibodies were applied as follows: rabbit anti-

antigen TRA98 (1:500; Abcam, ab82527), mouse anti-phospho-his-

tone H3 (1:100; Cell Signaling Technology, 9706), rabbit anti-acti-

vated cleaved caspase-3 (1:200, Cell Signaling Technology, 9661),

mouse anti-BrdU (1:300; Millipore, MAB3424, clone AH4H7-1),

and rat anti-BrdU (1:250; Abcam, ab6326). Secondary antibodies

Figure 3. Cdk5rap2 Is Required for Normal Germ Cell Cycle Progression

(A) Protocol used to study cell cycle progression at E11.5 in vivo. Successive pulse labeling of heterozygous ( an/+) pregnant mice at E11.5

with two different thymidine analogs to detect cycling cells.

(B) Decrease in the relative number of exclusively IddU-positive germ cells which left the cell cycle in an/an

mm;

an/an animal, n = 5

animals/group. Error bars indicate SEM, Student�s t test, **p < 0.01.
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(1:400) were goat Alexa Fluor 488 conjugate anti-mouse immuno-

globulin G (IgG), goat Alexa Fluor 488 conjugate anti-rabbit IgG,

goat Cy3-conjugate anti-rat IgG (Invitrogen), and donkey Cy3-con-

jugated anti-rabbit IgG (Jackson ImmunoResearch). Nuclei were

stained with DAPI (1:1000, Sigma-Aldrich).

Imaging

with an AxioCam MRc Zeiss camera and AxioVision 4.8 software

microscope with an Intas camera and MagnaFire 2.1B software

(Olympus). All images were processed using Adobe Photoshop

CS6 version 13.0x64.

SUPPLEMENTAL INFORMATION

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2017.01.002.
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Received: June 3, 2016

Revised: January 3, 2017

Accepted: January 4, 2017

Published: February 2, 2017

REFERENCES

Aitken, R.J., Findlay, J.K., Hutt, K.J., and Kerr, J.B. (2011). Apoptosis

in the germ line. Reproduction 141, 139�150.

Bond, J., Roberts, E., Springell, K., Lizarraga, S., Scott, S., Higgins, J.,

Hampshire, D.J., Morrison, E.E., Leal, G.F., Silva, E.O., et al. (2005).

A centrosomal mechanism involving CDK5RAP2 and CENPJ con-

trols brain size. Nat. Genet. 37, 353�355.

Buchman, J.J., Tseng, H.C., Zhou, Y., Frank, C.L., Xie, Z., and Tsai,

L.H. (2010). Cdk5rap2 interacts with pericentrin to maintain the

neural progenitor pool in the developing neocortex. Neuron 66,

386�402.

De Felici, M. (2009). Primordial germ cell biology at the beginning

of the XXI century. Int. J. Dev. Biol. 53, 891�894.

Fish, J.L., Kosodo, Y., Enard, W., Pääbo, S., and Huttner, W.B.
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