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Short Abstract 
The cerebellar external granule layer is the site of the largest transit amplification in the 
developing brain. Here, we present a protocol to target genetic modification to this layer at 
the peak of proliferation using ex vivo electroporation and culture of cerebellar slices from 
embryonic day 14 chick embryos. 
 
Long Abstract 
The cerebellar external granule layer (EGL) is the site of the largest transit amplification in 
the developing brain, and an excellent model for studying neuronal proliferation and 
differentiation. In addition, evolutionary modifications of its proliferative capability have 
been responsible for the dramatic expansion of cerebellar size in the amniotes, making the 
cerebellum an excellent model for evo-devo studies of the vertebrate brain. The constituent 
cells of the EGL, cerebellar granule progenitors, also represent a significant cell of origin for 
medulloblastoma, the most prevalent paediatric neuronal tumour. Following transit 
amplification, granule precursors migrate radially into the internal granular layer of the 
cerebellum where they represent the largest neuronal population in the mature mammalian 
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brain. In chick, the peak of EGL proliferation occurs towards the end of the second week of 
gestation. In order to target genetic modification to this layer at the peak of proliferation, 
we have developed a method for genetic manipulation through ex vivo electroporation of 
cerebellum slices from embryonic day 14 chick embryos. This method recapitulates several 
important aspects of in vivo granule neuron development and will be useful in generating a 
thorough understanding of cerebellar granule cell proliferation and differentiation, and thus 
of cerebellum development, evolution and disease. 
 
Introduction 
The cerebellum sits at the anterior end of the hindbrain and is responsible for the 
integration of sensory and motor processing in the mature brain as well as regulating higher 
cognitive processes1. In mammals and birds, it possesses an elaborate morphology and is 
heavily foliated, a product of extensive transit amplification of progenitors during 
development that produces over half of the neurons in the adult brain. The cerebellum has 
been a subject of study for neurobiologists for centuries and in the molecular era has 
likewise received significant attention. This relates not only to its inherently interesting 
biology, but also to the fact that it is heavily implicated in human disease including 
developmental genetic disorders such as autism spectrum disorders2 and most prominently 
the cerebellar cancer, medulloblastoma3, which is the most prevalent paediatric brain 
tumour. Importantly, it is an excellent model system within which to study fate allocation 
and neurogenesis during brain development4. In recent years, it has also been established as 
a model system for the comparative study of brain development, owing to the huge 
diversity of cerebellar forms seen across the vertebrate phylogeny5-10. 
 
The cerebellum develops from the dorsal half of rhombomere 1 in the hindbrain11 and 
developmentally is comprised of two primary progenitor populations, the rhombic lip and 
the ventricular zone. The rhombic lip extends around the dorsal region of the 
neuroepithelium of the hindbrain at the border with the roof plate. It is the birthplace of the 
glutamatergic excitatory neurons of the cerebellum12-14. The ventricular zone gives rise to 
the inhibitory GABAergic cerebellar neurons, most prominently the large Purkinje 
neurons14,15. Later in development (from about embryonic day 13.5 in mouse; e6 in chick16), 
glutamatergic progenitors migrate tangentially from the rhombic lip and form a pial layer of 
progenitors: a secondary progenitor zone called the external granule layer (EGL). It is this 
layer that undergoes the extensive transit amplification that leads to the huge numbers of 
granule neurons found in the mature brain. 
 
Proliferation in the EGL has long been linked to the sub-pial location that results from 
tangential migration from the rhombic lip17, with the switch to cell cycle exit and neuronal 
differentiation of progenitors being associated with their exit from the outer EGL layer into 
the middle EGL18. Extensive tangential migration of post-mitotic granule cells in medial-
lateral axis occurs in the middle and inner EGL19, before final radial migration into the inner 
granule layer of the mature cerebellar cortex. Migration of cells from the rhombic lip over 
the cerebellar surface is dependent upon CXCL12 signalling from the pia20-22 and granule 
cells express the CXCL12 receptor CXCR4. Their tangential migration is thus reminiscent of 
that of neocortical tangentially migrating inhibitory interneuron populations23-25. 
Intriguingly, electron microscopic studies17 have suggested that EGL cells with a proliferative 
morphology maintain pial contact, linking cell behaviour with proliferative capability in a 



manner reminiscent of the basal progenitors of the mammalian cortex26. This is reflected in 
the aforementioned stratification of the EGL into three sublayers that are defined by distinct 
extracellular environments and where granule precursors have distinct gene expression 
signatures18. 
 
Proliferation of progenitors in the oEGL occurs with a normal distribution of clone sizes such 
that when progenitors are individually genetically labelled at the end of embryonic 
development in the mouse, they give rise to a median average of 250-500 postmitotic 
granule neurons27,28. Proliferation is dependent upon mitogenic SHH signalling from 
underlying Purkinje neurons29-32. The ability to respond to SHH has been shown to be 
entirely dependent upon cell autonomous expression of the transcription factor Atoh1, both 
in vitro33 and in vivo34,35. Likewise, cell cycle exit and differentiation has been shown to be 
dependent upon the expression of the downstream transcription factor NeuroD136, which is 
likely a direct repressor of Atoh137. 
 
Despite this progress, and considerable advancement in deciphering the cell biological basis 
of cell cycle exit38-42, the fundamental molecular mechanism(s) that underlie the decision to 
exit the cell cycle and to transition from a progenitor to a differentiating neuron, and the 
associated postmitotic tangential migration in the inner EGL as well as the later switch to 
radial migration, remain incompletely understood. This is to a large extent because of the 
experimental intractability of the EGL: it is late developing, and difficult to target genetically 
since many of the same neurogenic molecules are also crucial earlier in the life of granule 
precursors at the rhombic lip. To overcome this issue, numerous authors have developed in 
vivo and ex vivo electroporation as a method to target the postnatal cerebellum in 
rodents43-48. Here, we pioneer the use of ex vivo electroporation in chick to study the EGL, 
which represents considerable advantages in terms of cost and convenience. Our method of 
electroporation and ex vivo slice culture of chick cerebellar tissue uses tissue dissected from 
embryonic day 14 chicks at the peak of EGL proliferation. This method allows genetic 
targeting of the EGL independently of the rhombic lip and will set the stage for genetic 
dissection of the transition from granule progenitor to postmitotic granule neuron in the 
cerebellum. 
  
Protocol 
 
Note:  All  experiments  were  performed  with  accordance  to  King’s  College  London,  UK  animal  
care guidelines. 
 
1. Dissection of e14 cerebellum 
 
1.1) Incubate brown fertilised hens’  eggs at 38 OC to embryonic day 14.  
 
1.2) Using egg scissors decapitate chick embryo in ovo and remove head to a petri dish 
containing ice cold PBS (Fig 1A). 
 
1.3) Using standard forceps, make incisions behind each eye all the way through the tissue, 
removing the eyes and upper jaw. Make a second incision all the way through the pharynx 
removing the lower jaw (Fig 1B). 



 
1.4) Using standard forceps, remove all skin from surface of skull by peeling it away (Fig 1C) 
and remove frontal and parietal bones, revealing brain. 
 
1.5) From a ventral aspect, remove pharyngeal cartilage and auxiliary mesenchyme. 
 
1.6) From a dorsal aspect, carefully remove mesenchyme dorsal to the hindbrain taking care 
not to damage pia, and separate entire brain (Fig 1D). 
 
1.7) Make incision all the way through the tissue between midbrain and hindbrain and 
separate hindbrain including cerebellum (Fig 1E). 
 
1.8) By making incisions all the way through the tissue at both lateral junctions of 
cerebellum and alar plate of the hindbrain, remove entire cerebellum, taking care to 
maintain the integrity of the pia throughout dissection (Fig 1F). Remove the forming choroid 
plexus (Fig 1G). 
 
1.9) Move the dissected cerebellum into ice cold HBSS. 
 
2. Slice culture of e14 cerebellum 
 
2.1) Transfer the whole cerebellum to the sterile platform of a Tissue Chopper using a 
spatula or a 3ml Pasteur pipette with the tip cut away to widen the aperture. Remove 
excess liquid using a pipette. 
 
2.2) Cut entire whole cerebellum in the required orientation at 300 µm thickness using the 
tissue chopper set with a cutting speed at 50% of the maximum. Tissue integrity is most 
easily preserved in sagittal section; however, orientation is also an important consideration 
for cell analysis (Purkinje cell dendrites are sagittally aligned, while granule cell axons run 
transversely, perpendicular to the plane of Purkinje cell dendrites).  
 
2.3) Using a 3 ml Pasteur pipette, cover the sliced cerebellum in fresh culture medium: Basal 
Medium Eagle, 0.5% (w/v) D-(+)-glucose, 1% B27 supplement, 2 mM L-Glutamine, 100 U/mL 
penicillin, 100 μg/mL streptomycin. 
 
2.4) Transfer the culture medium containing the slices to a 60 mm petri dish containing ice 
cold culture medium using a 3ml Pasteur pipette with cut tip. 
 
2.5) Under a dissecting microscope illuminated with a fiber optic light source, ensure 
separation of individual slices using watchmaker forceps. Identify slices to be 
electroporated, based upon their tissue integrity and medio-lateral position. 
 
Note: Each dissection from embryo through to slice incubation in culture medium takes 
around 10-20 minutes depending upon experience. Perform dissections one at a time to 
ensure that cerebella spend minimum amount of time between decapitation and ex vivo 
culture. 
 



3. Electroporation of slices 
 
3.1) Place 0.4 µm culture insert into fresh 60 mm petri dish and soak in culture medium. 
 
3.2) Transfer identified slices (up to five per culture insert) onto culture insert using 3 ml 
Pasteur pipette with the cut tip. Separate and allow to settle onto culture insert in a sagittal 
orientation. 
 
3.3) Using a pipette, remove excess culture medium so that slices are no longer bathed in 
solution. 
 
3.4) Transfer culture insert to the electroporation chamber (Fig 2A). Construct an 
electroporation chamber by fixing the anode of an electroporator to the base of a 60 mm 
petri dish with insulation tape. Ensure the dish contains approximately 1 ml of culture 
medium to cover the electrode. Allow the culture insert to rest on the electrode making 
sure there is always contact between the insert and the electrode.  
 
Note: In this setup, the culture insert with the slices will rest upon the surface of the 
medium, maintaining the circuit but allowing spatial targeting of the cathode.  
 
3.5) Using a P10 pipette tip, pipette DNA (at  a  concentration  of  1  μg/μL) diluted with 20% 
fast green over the surface of targeted region of a slice. 20% fast green ensures viscous DNA 
solution and prevents prohibitively wide dispersal of DNA. Add approximately 5 μL DNA/fast 
green solution to each slice (Fig 2B). 
 
3.6) Place the cathode over desired targeted tissue and electroporate with 3 x 10 V, 10 ms 
duration pulses. Avoid direct contact of the cathode with the tissue. Instead, take advantage 
of surface tension of the liquid to maintain conductance (place the cathode as close to the 
tissue as possible without actually touching the tissue). 
 
3.7) Repeat DNA delivery and electroporation to multiple regions of EGL on each individual 
cerebellar slice as desired.  
 
3.8) Upon completion of electroporation, transfer culture insert to 30 mm petri dish. 
 
3.9) To each culture, add 1 ml of pre-warmed culture medium underneath the culture insert 
such that the culture insert is in contact with medium, but slices are not bathed in it. 
 
3.10) Incubate cultures at 37 OC/6% CO2 for up to 3 days. Replace all of the culture medium 
every 24 hours with fresh pre-warmed medium. 
 
3.11) Following culture, fix slices on culture inserts for 1 hour in 4% paraformaldehyde (or 
overnight at 4 OC) in a fresh 30 mm dish with no culture media. 
 
4. Imaging of cerebellar slices 
 
4.1) Following fixation, wash slices 3x five minutes in PBS. 



 
4.2) Using a razor blade, dissect each electroporated and cultured cerebellar slice from the 
culture insert by cutting around the slice and removing the slice and the region of insert it is 
adhered to. Do not attempt to remove slice from the culture insert surface. 
 
4.3) Mount slices in approximately 1 ml of mounting medium containing DAPI (if desired) 
under a coverslip taking care not to introduce bubbles, and image using laser-scanning 
confocal microscopy.  
 
Note: Imaging parameters can be varied according to the constructs electroporated, and at 
the discretion of the individual user. 
 
Representative Results 
This section illustrates examples of results that can be obtained using slice electroporation 
and culture of cerebellum from embryonic day 14 chick. The dissection of the cerebellum is 
illustrated in Figure 1 and the electroporation chamber set up is shown in Figure 2. We show 
that it is possible to electroporate and successfully culture cerebellar slices, which retain 
their structure and cellular morphologies in vitro (Fig 3A). Targeted electroporation to 
individual folia is easily achieved (Fig 3B). We successfully electroporate a number of 
different plasmids into the EGL cells and show that it is possible i) to label cells with reporter 
constructs to observe their behaviour (Fig 3C), ii) to test possible genomic regions for 
functionality in cerebellar cells (Fig 3D), and iii) to manipulate genetically the cells in the EGL 
by misexpressing proteins of interest (Fig 3E). Additionally, pharmacological manipulations 
on electroporated slices are possible (results not shown). After culturing it is possible to 
perform additional tissue analysis such as immunohistochemistry or proliferation assays (Fig 
3F). We perform tissue health analysis by calbindin and PH3 immunostaining and show that 
tissue integrity is maintained for at least 3 div after culture (Fig 4). These results 
demonstrate that the EGL is now an accessible and easily manipulated structure that can be 
fully examined and genetically altered in the chick model system.  
 
Figure 1 Dissection of the cerebellum from E14 chick embryos: 
A. Decapitate the chick in the egg and remove the head into a petri dish with ice cold PBS. 
Remove the lower jaw and the eyes by making incision behind the eyes and the pharynx 
(dashed line). B. Remove the skin from the surface of the skull. C. Remove the frontal and 
parietal bones and (D) remove the brain from the mesenchyme and cartilage surrounding it. 
E. Under a dissecting microscope identify the location of the cerebellum at the posterior end 
of the brain. Cut between the midbrain and the hindbrain (dashed lines) to be left with the 
cerebellum and ventral hindbrain. F. Make incisions at the lateral junctions (peduncles) of 
the cerebellum to separate the cerebellum from the hindbrain (dashed line). G. Remove the 
choroid plexus (asterisk) from the ventral side of the cerebellum until you are left with a 
whole intact cerebellum with the pia attached. Transfer the cerebellum into ice-cold HBSS 
before preparing slices with a tissue chopper. 
 
Figure 2 The electroporation chamber set up: 
A. A picture of the custom-made electroporation chamber. The chamber consists of an 
anode of an electroporator placed securely on the base of a 60 mm petri dish. The dish 
contains approximately 1 ml of culture medium to cover the electrode. The culture insert 



should rest on the electrode with constant contact between the insert and the electrode, 

maintaining the circuit but allowing spatial targeting of the cathode, which is manipulated 

by hand. B. A picture of slices being electroporated. Slices are covered with the DNA/fast 

green solution. The slices are electroporated as desired: electroporation can be targeted to 

one folium or multiple locations. After electroporation the insert is placed in a 30mm Petri 

dish with pre-warmed culture medium and cultured in the incubator. 1. The anode 2. The 

cathode 3. Culture insert 4. Petri dish with 1ml media 5. Dissecting microscope 6. Individual 

slices from tissue chopper 7. DNA solution with fast green dye. 

 

Figure 3 Representative results:  
A. A low magnification picture of control electroporation of an RFP encoding plasmid into 

the EGL at multiple locations. The tissue retains its structure and electroporated cells are 

clearly visible in a thick subpial layer of the cerebellum. B. An example of a targeted 

electroporation with control GFP plasmid. The targeted folium is indicated by an asterisk. 

Scale bar A-B = 500µm. C.  An example where a construct encoding GFP driven by an Atoh1 

enhancer has been electroporated into the EGL. The expression of Atoh1 defines granule 

cell precursors within the EGL. Various cell morphologies are clearly visible at 3 div and cell 

behaviour can be monitored. D. An example of labelling following the electroporation of a 

construct containing a putative conserved non-coding element (CNE) of the NeuroD1 gene 

driving GFP. The CNE reports activity in the cells expected based on endogenous NeuroD1 

expression suggesting an active role of this CNE in development. NeuroD1 expression 

correlates with the initiation of granule cell differentiation. E. An example where the tissue 

can be genetically manipulated by misexpression of NeuroD1 protein and a change in 

granule cell behaviour can be observed. F. An example where the electroporated tissue 

(control GFP plasmid) can be fixed and stained for markers of proliferating cells, such as 

phosphohistone H3 (PH3). Scale bar C-F = 50µm 

 
Figure 4 Tissue integrity and proliferation in culture 

A-C Calbindin staining of E14 cerebellar tissue electroporated with control GFP plasmid at 1-

3 div. Calbindin staining shows that tissue integrity is maintained in culture for at least 3 div. 

The Purkinje cell layer does not form a monolayer at this stage in chick development but it is 

clearly seen forming a layer underneath the EGL where granule cell precursors (green) are 

located. D. Phosphohistone H3 (PH3) staining on cerebellar tissue cultured for 2 div. PH3 

staining is visible in the EGL (arrows) but also in other cerebellar regions (arrowheads). This 

staining is representative of all stages in culture examined (1-3 div). Scale bar A-D = 50µm 

 
Discussion 

The protocol reported here describes a method for dissecting, electroporating and culturing 

slices of embryonic day 14 cerebellum from the chick. This protocol enables targeting of 

electroporation to small focal regions of the EGL, including isolated targeting of individual 

cerebellar lobes. It enables genetic analysis and imaging at a high resolution and 

convenience, and at a low cost compared to established techniques in rodents43-47. Such 

analysis is not currently possible in vivo due to the extended developmental time period, the 

paucity of EGL-specific genetic targeting possibilities in mouse, and the commonality of 

molecular mechanisms between the rhombic lip and the EGL, which means that alterations 

that may affect EGL biology frequently cannot be analysed since they affect rhombic lip 



neurogenesis and abrogate EGL formation49. Our system thus represents a major advance in 
terms of targeting genetic modification to the EGL specifically, and we anticipate it will be 
applicable to other species beyond the chick that maybe of comparative interest, such as 
non-model mammals and reptiles. 
 
In performing the slice culture electroporation technique, a number of technical 
considerations are paramount. Firstly, the robustness of slices to survive in culture without 
on the one hand undergoing extensive cell death or on the other losing structural integrity 
limits the thickness of slice to 300 μm  in  our  hands.  A  second  important  consideration  is the 
viscosity of the DNA solution, which ensures electroporation of DNA at concentrations that 
are high enough to induce visible or relevant levels of genetic modification. In in ovo 
electroporation of DNA solutions injected into the early embryonic hindbrain, 
concentrations of fast green dye of approximately 1% are typical. However, in our protocol, 
we typically use concentrations of fast green of 20%. This ensures a sufficiently viscous DNA 
solution to prevent dispersal of the DNA following pipetting but before electroporation, but 
a sufficiently dilute one to mediate efficient electrical conduction.  
 
In addition to these technical considerations, we observed that proliferative behavior that 
we observe ex vivo does not precisely match that predicted from in vivo studies probably 
due to pial integrity being disrupted by the tissue preparation. Under such conditions, when 
a GFP expression construct is electroporated, a large proportion of electroporated cells 
appear to have left the cell cycle after just one day of culture as judged by PH3 staining (Fig 
3F). This does not correlate with expected EGL proliferative behavior, where proliferation of 
clones in both mouse and chick extends over a large time period27. The implication that the 
pia modulates proliferation is supported by the observation that when we electroporate a 
reporter construct with a NeuroD1 regulatory element driving expression of GFP all 
electroporated cells express GFP after one day in culture (Fig 3D). In vivo, this construct 
mirrors endogenous NeuroD1 expression in marking cells of the inner EGL that are post-
mitotic36,37, while full length NeuroD1 is sufficient to drive cell differentiation (Fig 3E). This 
suggests that under certain conditions, the proliferative capability of cells may not be 
maintained as it is in the outer EGL at equivalent stages in vivo. PH3 staining does however 
suggest that there is a lot of proliferation in culture, often localized to the EGL area (Fig 4D). 
Extensive proliferation outside the EGL indicates possibly enhanced gliogenesis or 
proliferation of Pax2 GABAergic precursors in white matter. The implication is that 
interpretation of any experimental procedure will have to take the into account the above 
proliferative behaviour, the fact that Purkinje cells do not form a monolayer until E18 in 
chick and that normal development may be compromised after slice preparation (e.g. due 
to lack of interaction with climbing fibres etc.) 
 
Despite these limitations, our protocol represents a significant step forward in relation to 
studying many aspects of granule cell biology. The crucial advantage of enabling spatially 
and temporally specific labeling of the EGL as distinct from the rhombic lip will facilitate 
multiple examinations of the both the cell biology of granule progenitors and the genetic 
regulation underpinning it in a manner that is not possible at present in vivo. Our technique 
in chick will complement existing ex vivo culture and electroporation protocols in rodents43-

48 and carries the considerable advantages in cost and convenience that are associated with 
chick. Additionally, it represents a significant advance over existing techniques of culturing 



granule progenitors39. While it will complement rather than replace the latter, our protocol 
will open up the control of granule neuron differentiation to a wide variety of 
pharmaceutical treatments and to the diversity of cell autonomous genetic manipulations 
that are possible in the chick. It provides a foundation for examining granule cell biology in 
unprecedented detail. 

 
Acknowledgements 
The method presented in this article arose from work funded by the BBSRC BB/I021507/1 
(TB, RJTW) and an MRC doctoral studentship (MJH).  
 
Disclosures 
The authors have nothing to disclose. 
 
References 
1 Schmahmann, J. D. The role of the cerebellum in cognition and emotion: personal 

reflections since 1982 on the dysmetria of thought hypothesis, and its historical 
evolution from theory to therapy. Neuropsychology Review 20, 236-260, 
doi:10.1007/s11065-010-9142-x (2010). 

2 Becker, E. B. & Stoodley, C. J. Autism spectrum disorder and the cerebellum. 
International Review of Neurobiology 113, 1-34, doi:10.1016/B978-0-12-
418700-9.00001-0 (2013). 

3 Hatten, M. E. & Roussel, M. F. Development and cancer of the cerebellum. Trends 
in Neurosciences 34, 134-142, doi:10.1016/j.tins.2011.01.002 (2011). 

4 Butts, T., Green, M. J. & Wingate, R. J. Development of the cerebellum: simple 
steps to make a 'little brain'. Development 141, 4031-4041, 
doi:10.1242/dev.106559 (2014). 

5 Rodriguez-Moldes, I. et al. Development of the cerebellar body in sharks: 
spatiotemporal relations of Pax6 expression, cell proliferation and 
differentiation. Neuroscience Letters 432, 105-110, 
doi:10.1016/j.neulet.2007.11.059 (2008). 

6 Kaslin, J. et al. Stem cells in the adult zebrafish cerebellum: initiation and 
maintenance of a novel stem cell niche. The Journal of Neuroscience : the Official 
Journal of the Society for Neuroscience 29, 6142-6153, 
doi:10.1523/JNEUROSCI.0072-09.2009 (2009). 

7 Chaplin, N., Tendeng, C. & Wingate, R. J. Absence of an external germinal layer in 
zebrafish and shark reveals a distinct, anamniote ground plan of cerebellum 
development. The Journal of Neuroscience : the Official Journal of the Society for 
Neuroscience 30, 3048-3057, doi:10.1523/JNEUROSCI.6201-09.2010 (2010). 

8 Kani, S. et al. Proneural gene-linked neurogenesis in zebrafish cerebellum. 
Developmental Biology 343, 1-17, doi:10.1016/j.ydbio.2010.03.024 (2010). 

9 Butts, T., Modrell, M. S., Baker, C. V. & Wingate, R. J. The evolution of the 
vertebrate cerebellum: absence of a proliferative external granule layer in a non-
teleost ray-finned fish. Evolution & Development 16, 92-100, 
doi:10.1111/ede.12067 (2014). 

10 Corrales, J. D., Blaess, S., Mahoney, E. M. & Joyner, A. L. The level of sonic 
hedgehog signaling regulates the complexity of cerebellar foliation. Development 
133, 1811-1821, doi:10.1242/dev.02351 (2006). 

11 Wingate, R. J. & Hatten, M. E. The role of the rhombic lip in avian cerebellum 
development. Development 126, 4395-4404 (1999). 



12 Machold, R. & Fishell, G. Math1 is expressed in temporally discrete pools of 
cerebellar rhombic-lip neural progenitors. Neuron 48, 17-24, 
doi:10.1016/j.neuron.2005.08.028 (2005). 

13 Wang, V. Y., Rose, M. F. & Zoghbi, H. Y. Math1 expression redefines the rhombic 
lip derivatives and reveals novel lineages within the brainstem and cerebellum. 
Neuron 48, 31-43, doi:10.1016/j.neuron.2005.08.024 (2005). 

14 Yamada, M. et al. Specification of spatial identities of cerebellar neuron 
progenitors by ptf1a and atoh1 for proper production of GABAergic and 
glutamatergic neurons. The Journal of Neuroscience : the Official Journal of the 
Society for Neuroscience 34, 4786-4800, doi:10.1523/JNEUROSCI.2722-13.2014 
(2014). 

15 Hoshino, M. et al. Ptf1a, a bHLH transcriptional gene, defines GABAergic neuronal 
fates in cerebellum. Neuron 47, 201-213, doi:10.1016/j.neuron.2005.06.007 
(2005). 

16 Wilson, L. J. & Wingate, R. J. Temporal identity transition in the avian cerebellar 
rhombic lip. Developmental Biology 297, 508-521, 
doi:10.1016/j.ydbio.2006.05.028 (2006). 

17 Hausmann, B. & Sievers, J. Cerebellar external granule cells are attached to the 
basal lamina from the onset of migration up to the end of their proliferative 
activity. The Journal of Comparative Neurology 241, 50-62, 
doi:10.1002/cne.902410105 (1985). 

18 Xenaki, D. et al. F3/contactin and TAG1 play antagonistic roles in the regulation 
of sonic hedgehog-induced cerebellar granule neuron progenitor proliferation. 
Development 138, 519-529, doi:10.1242/dev.051912 (2011). 

19 Komuro, H., Yacubova, E., Yacubova, E. & Rakic, P. Mode and tempo of tangential 
cell migration in the cerebellar external granular layer. The Journal of 
Neuroscience : the Official Journal of the Society for Neuroscience 21, 527-540 
(2001). 

20 Klein, R. S. et al. SDF-1 alpha induces chemotaxis and enhances Sonic hedgehog-
induced proliferation of cerebellar granule cells. Development 128, 1971-1981 
(2001). 

21 Zhu, Y. et al. Role of the chemokine SDF-1 as the meningeal attractant for 
embryonic cerebellar neurons. Nature Neuroscience 5, 719-720, 
doi:10.1038/nn881 (2002). 

22 Hagihara, K. et al. Shp2 acts downstream of SDF-1alpha/CXCR4 in guiding 
granule cell migration during cerebellar development. Developmental Biology 
334, 276-284, doi:10.1016/j.ydbio.2009.07.029 (2009). 

23 Borrell, V. & Marin, O. Meninges control tangential migration of hem-derived 
Cajal-Retzius cells via CXCL12/CXCR4 signaling. Nature Neuroscience 9, 1284-
1293, doi:10.1038/nn1764 (2006). 

24 Paredes, M. F., Li, G., Berger, O., Baraban, S. C. & Pleasure, S. J. Stromal-derived 
factor-1 (CXCL12) regulates laminar position of Cajal-Retzius cells in normal and 
dysplastic brains. The Journal of Neuroscience : the Official Journal of the Society 
for Neuroscience 26, 9404-9412, doi:10.1523/JNEUROSCI.2575-06.2006 (2006). 

25 Lopez-Bendito, G. et al. Chemokine signaling controls intracortical migration and 
final distribution of GABAergic interneurons. The Journal of neuroscience : the 
official journal of the Society for Neuroscience 28, 1613-1624, 
doi:10.1523/JNEUROSCI.4651-07.2008 (2008). 



26 Florio, M. & Huttner, W. B. Neural progenitors, neurogenesis and the evolution of 
the neocortex. Development 141, 2182-2194, doi:10.1242/dev.090571 (2014). 

27 Espinosa, J. S. & Luo, L. Timing neurogenesis and differentiation: insights from 
quantitative clonal analyses of cerebellar granule cells. The Journal of 
Neuroscience : the Official Journal of the Society for Neuroscience 28, 2301-2312, 
doi:10.1523/JNEUROSCI.5157-07.2008 (2008). 

28 Legue, E., Riedel, E. & Joyner, A. L. Clonal analysis reveals granule cell behaviors 
and compartmentalization that determine the folded morphology of the 
cerebellum. Development 142, 1661-1671, doi:10.1242/dev.120287 (2015). 

29 Dahmane, N. & Ruiz i Altaba, A. Sonic hedgehog regulates the growth and 
patterning of the cerebellum. Development 126, 3089-3100 (1999). 

30 Wallace, V. A. Purkinje-cell-derived Sonic hedgehog regulates granule neuron 
precursor cell proliferation in the developing mouse cerebellum. Current Biology 
: CB 9, 445-448 (1999). 

31 Wechsler-Reya, R. J. & Scott, M. P. Control of neuronal precursor proliferation in 
the cerebellum by Sonic Hedgehog. Neuron 22, 103-114 (1999). 

32 Lewis, P. M., Gritli-Linde, A., Smeyne, R., Kottmann, A. & McMahon, A. P. Sonic 
hedgehog signaling is required for expansion of granule neuron precursors and 
patterning of the mouse cerebellum. Developmental Biology 270, 393-410, 
doi:10.1016/j.ydbio.2004.03.007 (2004). 

33 Zhao, H., Ayrault, O., Zindy, F., Kim, J. H. & Roussel, M. F. Post-transcriptional 
down-regulation of Atoh1/Math1 by bone morphogenic proteins suppresses 
medulloblastoma development. Genes & Development 22, 722-727, 
doi:10.1101/gad.1636408 (2008). 

34 Flora, A., Klisch, T. J., Schuster, G. & Zoghbi, H. Y. Deletion of Atoh1 disrupts Sonic 
Hedgehog signaling in the developing cerebellum and prevents 
medulloblastoma. Science 326, 1424-1427, doi:10.1126/science.1181453 
(2009). 

35 Klisch, T. J. et al. In vivo Atoh1 targetome reveals how a proneural transcription 
factor regulates cerebellar development. Proceedings of the National Academy of 
Sciences of the United States of America 108, 3288-3293, 
doi:10.1073/pnas.1100230108 (2011). 

36 Miyata, T., Maeda, T. & Lee, J. E. NeuroD is required for differentiation of the 
granule cells in the cerebellum and hippocampus. Genes & Development 13, 
1647-1652 (1999). 

37 Butts, T., Hanzel, M. & Wingate, R. J. Transit amplification in the amniote 
cerebellum evolved via a heterochronic shift in NeuroD1 expression. 
Development 141, 2791-2795, doi:10.1242/dev.101758 (2014). 

38 Rios, I., Alvarez-Rodriguez, R., Marti, E. & Pons, S. Bmp2 antagonizes sonic 
hedgehog-mediated proliferation of cerebellar granule neurones through Smad5 
signalling. Development 131, 3159-3168, doi:10.1242/dev.01188 (2004). 

39 Anne, S. L. et al. WNT3 inhibits cerebellar granule neuron progenitor 
proliferation and medulloblastoma formation via MAPK activation. PloS One 8, 
e81769, doi:10.1371/journal.pone.0081769 (2013). 

40 Chedotal, A. Should I stay or should I go? Becoming a granule cell. Trends in 
Neurosciences 33, 163-172, doi:10.1016/j.tins.2010.01.004 (2010). 

41 Penas, C. et al. Casein Kinase 1delta Is an APC/C(Cdh1) Substrate that Regulates 
Cerebellar Granule Cell Neurogenesis. Cell Reports 11, 249-260, 
doi:10.1016/j.celrep.2015.03.016 (2015). 



42 Penas, C. et al. GSK3 inhibitors stabilize Wee1 and reduce cerebellar granule cell 
progenitor proliferation. Cell Cycle 14, 417-424, 
doi:10.4161/15384101.2014.974439 (2015). 

43 Yang, Z. J. et al. Novel strategy to study gene expression and function in 
developing cerebellar granule cells. Journal of Neuroscience Methods 132, 149-
160 (2004). 

44 Jia, Y., Zhou, J., Tai, Y. & Wang, Y. TRPC channels promote cerebellar granule 
neuron survival. Nature Neuroscience 10, 559-567, doi:10.1038/nn1870 (2007). 

45 Umeshima, H., Hirano, T. & Kengaku, M. Microtubule-based nuclear movement 
occurs independently of centrosome positioning in migrating neurons. 
Proceedings of the National Academy of Sciences of the United States of America 
104, 16182-16187, doi:10.1073/pnas.0708047104 (2007). 

46 Famulski, J. K. et al. Siah regulation of Pard3A controls neuronal cell adhesion 
during germinal zone exit. Science 330, 1834-1838, 
doi:10.1126/science.1198480 (2010). 

47 Puram, S. V. et al. A CaMKIIbeta signaling pathway at the centrosome regulates 
dendrite patterning in the brain. Nature Neuroscience 14, 973-983, 
doi:10.1038/nn.2857 (2011). 

48 Holubowska, A., Mukherjee, C., Vadhvani, M. & Stegmuller, J. Genetic 
manipulation of cerebellar granule neurons in vitro and in vivo to study neuronal 
morphology and migration. J Vis Exp, doi:10.3791/51070 (2014). 

49 Ben-Arie, N. et al. Math1 is essential for genesis of cerebellar granule neurons. 
Nature 390, 169-172, doi:10.1038/36579 (1997). 

 



Figure
Click here to download Figure: revisedfigure1.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=353697&guid=8f5b1759-324a-4a58-a263-94363f52337d&scheme=1


Figure
Click here to download Figure: revisedfigure2.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=353698&guid=ba0eee0a-b098-4660-ba92-ed12460797fe&scheme=1


Figure
Click here to download Figure: revisedfigure3.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=353699&guid=efaa5343-6aaf-41ce-a258-96ed3d5dac17&scheme=1


Figure
Click here to download Figure: revisedfigure4.pdf 

http://www.editorialmanager.com/jove/download.aspx?id=353700&guid=31d6661b-f22f-4113-94d8-41ac3339d236&scheme=1


Name of Material/ Equipment Company Catalog Number Comments/Description

McIlwain tissue chopper

Mickle 
Laborator
y 
Engineerin
g Ltd Cut  at  300μm  for  best  results.

Basal Medium Eagle (Gibco)

Life 
Technolog
ies 41010-026

L-glutamine Sigma G7513
penicillin/streptomycin Sigma P4333
0.4μm  culture  insert Millipore PICM0RG50
TSS20 Ovodyne electroporator Intracel 01-916-02 Use 3x10v, 10ms pulses for electroporation.
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