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Abstract: 
 The Sox family of transcription factors includes 20 genes in the vertebrate 
lineage, which have a variety of roles throughout development of the central nervous 
system (CNS).  The SoxB1 group has been shown to play an important role in the 
maintenance of stemness, while the SoxB2, which includes Sox21, group has been shown 
capable of counteracting this ability and pushing cells at the ventricular zone of the neural 
tube towards a neuronal fate.  Although no role in patterning has been characterized for 
Sox21, several Sox proteins have been shown to be involved in specifying subsets of 
neurons.  In this lab, we have knocked out Sox21 in a cre-recombinase dependent manner 
in both the whole animal and in the cortex.  Both of these strains of mice show abnormal 
grooming behaviour resulting in hair loss in specific areas.  In this work we have shown 
the ability of both Sox5 and Sox6 to be capable of reproducing the neuronal induction 
seen when Sox21 is overexpressed in the neural tube.  We have also begun to search for 
the cortical defect that is responsible for the Sox21 knock-out’s behavioural phenotype.  
So far we have been able to rule out defects in adult neurogenesis, patterning of three 
subsets of subcortically projecting neurons and patterning of three subsets of interneurons 
in various areas of the brain.  We have now moved on to examine the integrity of GABA 
receptor patterning in the cortex.  The aim of this work has been to characterize the role 
of Sox21 in neurogenesis and development of the mammalian CNS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction: 
The neural tube is one of the earliest recognizable structures in the developing 

embryo and is the site where all of the cells that will make up the vertebrate central 
nervous system (CNS) are born.  It is within this structure that, under the guidance of 
soluble factors, such as BMP (bone morphogenic protein) and SHH1 (sonic 
hedgehog),and cell surface signals, such as Delta/Notch2, that the gene expression 
profiles of individual cells are influenced such that they will leave the cell cycle, 
downregulate progenitor markers, and upregulate genes that will bestow neuronal 
properties.  In generating a neuron, stem cells divide in the ventricular zone, where they 
are least specified, and migrate through the intermediate zone to the marginal zone, 
where they are most specified (see figure 2).  Once a cell has been committed to the 
neuronal lineage it must still find its unique identity and place within the network of the 
adult nervous system by migrating further, extending an axon and dendrites and, finally, 
forming synapses.  By understanding the gene regulatory networks involved in generating 
a neuron, we have the ability to shed light on, not only some of the most devastating 
diseases, but also fundamental questions about the organ which controls our behaviour 
and perception.  The aim of this study has been to characterize the role of Sox21, a 
transcription factor, within the context of mammalian neurogenesis and development of 
the adult central nervous system. 

 
The Sox Protein Family 

The Sox (SRY-related high mobility group box) family of proteins was originally 
identified in 1990 due to their homology to the high mobility group (HMG) DNA 
(deoxyribonucleic acid) binding/nuclear localization signal domain of the sex 
determining factor on the Y chromosome of mammals3.  There are twenty identified 
members of the Sox gene family in mammals, and these are divided into eight sub-
families (named A-H) based on the degree of homology between their HMG domains and 
their protein structures4.  Members of the Sox family have been shown to have an array 
of trans activation and repression domains5; however, there are several properties that 
unite them6(and references within).  First, all Sox family members bind the minor groove of 
DNA, which provides them with far less sequence information then the major groove and 
may imply a binding motif more dependent on DNA conformation then sequence6.  In 
addition, Sox D and E group members have been found capable of forming homodimers6, 
while most every group has been shown to form heterodimers with a diverse array of 
transcription factor families such as the basic helix-loop-helix (bHLH) and POU (Pit1, 
Oct4 and Unc-86 related homeodomain) -domain families6,7,8.  This ability provides 
vastly increased specificity and flexibility of action dependent on the cellular context.  
Finally, when it is also considered that Sox proteins institute profound bending of DNA 
(anywhere between 30 and 110 degrees) at their binding sites9, it begins to become clear 
the complex roles that these proteins are capable of having in facilitating transcriptional 
regulatory complexes.  In this work our group has focused specifically on the role that 
several members of the Sox family play in promoting neurogenesis in the vertebrate 
lineage. 

The SoxB family can be divided into two sub-families, all with 95% HMG 
homology and a shared SoxB protein interaction domain just N-terminal of the HMG6.  
The SoxB1 group, consisting of Sox1, Sox2 and Sox3, has been shown to help maintain 
cells in a progenitor state10, while the SoxB2 group, which consists of Sox14 and Sox21, 



have been shown capable of inducing cells to leave the cell cycle and upregulate neuronal 
markers11.  Several Sox sub-families have been shown to regulate the same target 
sequences in vivo12, which is most fascinating because the SoxB1 group share a N-
terminal enhancer domain, while the B2 group share a N-terminal repressor domain.  
Besides that the repressor domain of Sox21 has been shown to be far more potent then 
that of Sox1413, our group has focused on Sox21 primarily due to its highly overlapping 
expression pattern with the SoxB1 group.  What brings us to the current project is 
primarily two publications by our group, which have shown that in vivo Sox21 promotes 
neurogenesis within the chick neural tube11 by counteracting the stem cell maintenance 
role of the SoxB1 family10.  This project has been primarily concerned with elucidating 
the role of Sox21 in the development of the mammalian CNS, as well as discovering 
other Sox genes that may play a role in the promotion of neurogenesis.  It is also relevant 
to mention that the only other group of Sox proteins shown to have repressive capabilities 
in vitro is the Sox group D proteins Sox5 and Sox614. 

 

 

 
Figure 1: Homology between Sox group B and D proteins.  (modified from Kamachi et 
al. 2000 [Ref. 5]) 
 
Neurogenesis 

In assessing the roles of various Sox family members on neurogenesis, it is useful 
to have an outline of other transcription factors known to mark certain stages of the 
process.  The factors that we use to mark the ventricular zone, which have the most 
resolved role in maintaining stemness, are the SoxB1 group.  Cells that express Sox2 and 
3 co-label with BrdU (5-bromo-2-deoxyuridine), which marks dividing cells by 
incorporating into replicating DNA, are proliferating and therefore have not taken any 
steps towards a neuronal fate10.  However, under the regulation of Delta/Notch contact 
inhibition, a specific number of cells at any given time are allowed to undergo 
neurogenesis2.  By reaching a threshold expression of Pax615 (paired box gene 6) and 



upregulating proneural bHLH factors, such as Ngn216 (neurogenin 2) which largely 
overlaps in expression with Sox21 (see figure 2), cells take their first steps towards 
becoming a neuron.  Cells that have ceased proliferating and begun to migrate towards 
the margin are a diverse group, which will give rise to many different types of neural 
cells.  Different subsets within the intermediate zone can be seen to express various 
lineage markers, such as Lim2 (lens intrinsic membrane protein 2), which marks a subset 
of interneurons17, or NeuroM, which marks differentiating migratory neural precursors18.  
Finally, as cells come to the margins of the neural tube, they are seen to upregulate 
mature neuronal markers, such as NeuN (neuronal nuclei; see figure 2).  It should be 
noted that the neural tube is not the only location or time for vertebrate neurogenesis, as 
this process has been observed within neural crest cells in the embryo, as well as in 
various places within the adult CNS.  It has been previously shown that the balance 
between SoxB1 and B2 group protein expression is important in the balance between 
proliferation and neurogenesis11. 

 

 
 
 

 
 
 
 
 

Figure 2: Sox and neurogenesis marker gene expression in the neural tube during 
neurogenesis (Sox3 from Bylund et al. 2003 [Ref. 10], Sox21 and neuronal markers from 
Sandberg et al. 2005 [Ref. 11]) 
 
Programming and Patterning the Mammalian CNS 

The processes that go into cell differentiation are quite complex no matter what 
organ may be the object of our study; however, what makes the CNS so complex is the 
degree to which each cell is patterned to play its role within the system.  A great deal is 
known about factors that control the basic steps in CNS development, such as cell cycle 
maintenance, migration, differentiation, axon migration and synaptogenesis, because 
these are so highly conserved throughout the animal kingdom.  For instance, it has just 
recently been shown that only a small network of genes (Oct4 [octamer 4], Sox2 and 
Nanog) is essential for maintaining a stem cell fate19 and that along with several other 
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factors (Klf4 [kruppel-like factor] and c-Myc [myelocytomatosis viral oncogene]) 
somatic tissue can reacquire stem cell properties20.  Work in invertebrates4 showed 
decades ago that once a neuron is born it is guided by cell-cell contact signaling, such as 
CAMs21 (cell adhesion molecule), and soluble molecules, such as Slit binding the Robo 
receptor22, to its final position, but only now are these mechanisms being applied to the 
mammalian brain22.  The processes of synaptogenesis, via aggregation of 
neurotransmitter vesicles at the presynapse and receptors at the postsynapse, and synaptic 
plasticity, via Ca++ influx influencing the phosphorylation state23 of receptor subunits, 
may have been born billions of years ago, but it is only due to the fascinating ways 
evolution has reorganized them that we have the ability to understand them.   

The primary mechanisms, which have lead to the complexity of the mammalian 
CNS are involved in the patterning and diversification of its cells along all axes of the 
developing embryo.  Primarily via the secretion of diffusible molecules from multiple 
point sources, each cell in the CNS is capable of interpreting its position, and therefore 
formulating its role, within its ‘morphogenic field’.  In relation to our topic, the most 
essential differentiation is that which goes into instructing the anterior most region of the 
neural tube to bulge and form the telencephalon.  In the telencephalon, the expression 
patterns of SoxB and SoxD group proteins are seen to differ from that throughout the rest 
of the neural tube.  When arguing the redundancy of these factors during neurogenesis in 
vivo, it is essential that their expression overlaps to a sufficient degree (see figure 3), but 
it is possible that the differences in their expression patterns could play a role in 
patterning specific parts of the cortex.  Ultimately, understanding the genetics, which 
determine the diversity of neurons in the cortex will be essential if we are ever to 
understand human behaviour, evolution or development. 

 

                

  
Figure 3: Expression patterns of Sox21, Sox5 and Sox6 at E11.5 and Emx at 

E12.5 (from Gorski et al. 2002 [Ref. 24]) in the mouse telencephalon. 
 

Mammalian Cortex Development 
In the case of the neocortex, which produces glutamate secreting projection 

neurons, the transcription factor Emx1 (empty spiracles homeobox) is expressed 
throughout neural development and marks the neurons that, when generated at the 
ventricular zone, will migrate radially24 (see figure 4; although there has also been 
evidence for Emx lineage interneurons in the olfactory bulb25 and striatum26).  Via the 
transient expression of patterning genes during corticogenesis, each cell layer takes on 

Sox6 Sox21 Sox5 Emx 



different properties from those neurons generated before them, such as cell morphology 
and synaptic targets.  Thus, by the sequential migration of newly generated cells past 
those neurons that have already terminally migrated, the six layers of the cortex are 
patterned (see figure 4).  This genetically determined pattern is essential for cortical 
connectivity, which allows the cortex to receive information coming from many different 
external stimuli into layer IV, process this information in the superficial layers, and then 
send this information to cortical and subcortical areas from the deepest layers27.  Even 
within individual layers, there is a great diversity of roles that must be differentiated by 
transcriptional regulation during critical periods.  Within layer V, for instance, a recent 
paper28 has outlined how Sox5 expression is involved in differentiating different subtypes 
of corticofugal neurons by regulating the transcriptional timing and pattern of other 
factors.  Several of the factors affected by the Sox5 knock out include Fezl (fez-like), 
which is necessary for corticospinal neuron specification, Tbr1 (t-brain 1), which marks 
corticothalamic neurons, and Ctgf (connective tissue growth factor), a marker of subplate 
neurons.  This says nothing of the many other subtypes of subcortically targeted neurons 
that project from layer V and VI, but is well grounded starting point. 

 

     
Figure 4: Progression of cortex layering throughout neurogenesis.        

 From Molyneaux, 2007 [Ref. 29]. Ncx = neocortex, CH = cortical heme, LGE = 
lateral ganglionic eminence, MGE = medial ganglionic eminence, VZ = ventricular zone, 
PP = preplate, MZ = marginal zone, CP = cortical plate, SP = subplate, IZ = intermediate 
zone, SVZ = subventricular zone, I, II, III, IV, V and VI = cortical layers and WM = 
white matter. 

 
Regardless of the cell autonomous mechanisms involved in patterning, it is 

important to consider that, during development in particular, no part of the brain is 
isolated.  Throughout the migration of a post-mitotic neuron, it will receive instructive 
information from not only diffusible molecules, but also each other cell that it comes in 
contact with.  This is exemplified in the case of the ganglionic eminence, which produces 
GABA (gamma-aminobutyric acid) secreting interneurons.  The progeny from this region 
will migrate laterally into the cortex along one of several well defined streams before 
migrating radially into its proper layer30.  The lateral migration of these cells may be 
controlled by diffusible molecules and transient attractive cues between one another31, 
but their final location will be primarily determined by the layer fate of those projection 
neurons they interact with and follow when they reach the cortex32.  Which projection 
neurons an interneuron interacts with during migration is of particular importance for this 



cell type due to the fact that their axon and all of their dendrites will project within the 
local cortical environment.  However, once a projection neuron’s cell body has migrated 
to its mature location it must still undergo the process of extending targeted axons and 
dendrites before initiating synaptogenesis.  In the context of GABAergic synaptogenesis, 
an interneuron will extend processes from its axon, which will form contacts with 
projection neurons, possibly by genetically determined mechanisms33.  Upon contact, the 
pre and post-synaptic processes will undergo morphological changes and accumulate 
both ionotrophic (heteropentameric A type)34 and metabotropic (heterodimer B type)35 
GABA receptors and the interneuron will amass vesicles containing GABA at the 
presynapse. This exemplifies the genetically defined processes, which eventually form 
the complex interactions within and between the regions of the brain.  All of these 
interactions are required in order to maintain the adult organism and allow it to interact 
with its environment in a manner that is conducive to survival in nature. 

In this work, our group has attempted to better resolve the role of Sox21 in 
mammalian neurogenesis by constructing transgenic mice with the sox21 gene flanked by 
LoxP (locus of X-over P1), Cre (cyclization recombination) -recombinase target, sites 
and crossing these animals with strains that express Cre-recombinase under a ubiquitous 
cmv (cytomegalovirus) promoter and a cortex specific emx promoter.  To judge the 
possible structural abnormalities of the Sox21 conditional knock-out brain, we have 
performed immunohistochemistry on free floating adult brain sections, as well as in situ 
hybridization against several markers of neuronal subtypes.  Using these techniques, we 
have analyzed the integrity of adult neurogenesis, several subcerebral projection neuron 
subtypes, several interneuron subpopulations and are currently analyzing GABA 
receptors.  In order to assess other sox genes that may be involved in counteracting the 
stem cell maintaining capabilities of the SoxB1 group of proteins, we have also carried 
out a series of chicken neural tube electroporations in order to overexpress the Sox5, 
Sox6 and Sox21 proteins in this system. 
 
Materials and Methods: 
Chick Electroporation and BrdU Treatment 

Following 48 hours of incubation at 37°C, about three mL of egg white was 
removed using a wide bore syringe and the top was cracked open to create a window to 
see the embryo.  Following the injection of a small amount of ink under the embryo using 
a small bore pipette, a fine tip needle filled with 0.75ug/uL DNA expression construct 
with fast green in PBS (phosphate buffered saline) was inserted through the embryo’s 
nose and into the ventricle of its neural tube.  Enough DNA solution was injected into the 
ventricle to fill the neural tube to the posterior tip and then the needle was removed.  The 
egg was then raised between two electrodes and electroporated with 24 volts for 50ms 
using a BTX – ECM830 electroporation machine.  The window was then covered with 
tape and the embryo was placed into a 37°C incubator for 24 hours. 

The following day, the tape was removed from the egg and survival was assessed.  
All survivors then had about 200uL of 50uM BrdU injected next to the embryo and were 
then incubated for a further 20 minutes at 37°C.  Following BrdU incorporation, the 
embryo was dissected from the egg and the extraembryonic membranes were removed.  
Embryo was then fixed at 4°C in PFA for one hour and ten minutes before being put into 
30% sucrose over night.  After the embryo was thoroughly dehydrated, they were washed 
into Sakura Tissue Tek OCT (optimal cutting temperature) before being embedded in the 



same solution and frozen at -80°C.  Frozen embryos were then sectioned to 12um 
thickness using a cryostat and plated onto Superfrost glass slides for analysis. 

 
Slide Mounted Immunohistochemistry 
 If slides had been placed in the freezer following mounting, they were first dried 
at room temperature for about half an hour before proceeding.  Also, a humid chamber 
was prepared in which all incubations were carried out.  First, tissue was incubated on 
about 500uL blocking solution (PBS + 1%FBS [fetal bovine serum]) for at least 10 
minutes at room temperature.  Next, primary antibody of interest was diluted in blocking 
solution at ratios specific to the antibody (between 1:20 and 1:3000) and about 500uL of 
this solution was applied to the tissue and allowed to incubate over night at 4°C.  The 
next day, tissue was washed three times with about 1mL of PBS for five minutes each 
wash.  Next, fluorescence conjugated secondary antibody, (from Jackson Immuno) 
specific for the heavy chain of the animal in which the primary antibody was raised, was 
diluted in blocking solution (1:400 for FITC [Fluorescein isothiocyanate] conjugated and 
1:1000 for Cy3 [cyanine type 3] conjugated antibodies), before about 500uL of this 
solution was applied to tissue and incubated at room temperature in the dark for 1.5 
hours.  Following this, tissue was washed three times with about 1mL of PBS for five 
minutes each wash before the edge of the slide was dabbed on paper and the slides were 
mounted by applying Vectashield and a glass coverslip.  Stained neural tube sections 
were viewed and photographed using a Zeiss confocal microscope. 
 
Mouse Profusion and Brain Sectioning 

First mice were injected with 10uL/g of 2.5% Avertin in PBS analgesic and time 
was allowed for mouse to become unconscious. Reflex response was tested by pinching 
between the animal’s toes with forceps.  Once animal was unresponsive, feet and hands 
were pinned to a styrofoam board and fur sprayed with 70% ethanol.  An incision was 
made along the midline and so the ribcage could be pinned back to expose heart. Wide 
bore needle was inserted into right atrium and left ventricle was cut open.  Next, about 
400mL of 37°C PBS and about 250mL 4°C Paraformaldehyde (PFA; 4% PFA, 1.25mM 
NaOH) were pumped through animal to clear blood and fix tissue.  Once fixation was 
complete, animal was decapitated and the brain dissected out in tact. The brain was fixed 
in PFA overnight at 4°C, then dehydrated overnight in 30% sucrose in PBS.  Once 
sucrose had permeated the tissue, excess was dried off and the brain was frozen at -80°C.  
Next, a Leica 2000R sliding microtome was used to produce 30um thick coronal sections 
of brain tissue, which were deposited into PBS in series of 12 or 24. 
 
Making Probes 

First, EST (expressed sequence tag) plasmid was transformed into Invitrogen 
TOPO10 cells, plated on agar containing appropriate selective antibiotic and incubated 
overnight.  Next, several colonies were picked and cultured in about 3mL LB liquid 
medium containing antibiotic over night. Plasmids were purified using QIAGEN 
miniprep kit and sent for sequencing at KIseq.   Once sequence had been confirmed, 
remaining miniprep culture was used to seed 300mL LB medium containing antibitotic 
and this was cultured over night.  QIAGEN maxiprep kit was used to purify high 
concentration of plasmid, which was then linearized 5’ of the gene using an appropriate 
restriction enzyme over night.  Restriction product was cleaned up by precipitating DNA 



in equal volume of Sodium Acetate, centrifuging for 10 minutes at 13000rpm in a 
Herarus Biofuge pico, aspirating supernatant, drying pellet at 37°C and redissolving in 
about 20uL MilliQ H2O.  Transcription was performed for 2hrs at 37°C in 20uL total 
volume using about 1ug of linear plasmid, 2uL digoxigen-labelled nucleotide 
triphosphates , 2U promoter specific RNA (ribonucleic acid) polymerase, 1x transcription 
buffer and 1U RNase inhibitor (all reagents from Roche).  Reaction was stopped using 
2uL 0.2M EDTA (ethylenediaminetetraacetic acid) and RNA cleaned using GE 
Healthcare ProbeQuant G-50 Micro columns.  Finally, RNA quality was checked by 
running on a 1.5% agarose gel. 
 
In Situ Hybridization on Adult Brain Sections 

Adult brain sections were first mounted on Menzel Glaser Superfrost plus glass 
slides and dried at room temperature for about 30 minutes.  Next, slides were fixed in 
PFA for 10 minutes at room temperature, followed by three washes in PBS of three 
minutes each.  Tissue was permeabilized for five minutes in 1ug/mL Proteinase K in 
50mM Tris-CL pH 7.5 + 5mM EDTA in H2O, followed by another ten minute PFA 
fixation and three PBS washes of three minutes each.  Next, tissue was acetylated, while 
stirring, for 10 minutes in 1.25% triethanolamine, 1.67*10-3M HCl, 2.5*10-3% acetic 
anhydride in H2O and then washed three times for five minutes each in PBS.  
Hybridization solution (50% formamine, 5x SSC [saline sodium citrate], 5x Denharts, 
500ug/mL fish sperm DNA, 250ug/mL yeast RNA in H2O) was then added to tissue on 
each slide and allowed to pre/hybridize for at least two hours in a 50% formamide, 5x 
SSC humidified chamber.  Following pre-hybridization, hybridization solution was 
poured off, 1.5uL of DIG-labeled RNA probe was added to 100uL of hybridization 
solution and this was heated at 80°C for five minutes, vortexed, applied to tissue, covered 
with a cover slip and incubated over night at 70°C in a 50% formamide, 5x SSC 
humidified chamber. 
 The following morning, cover slips were removed by dipping slides into 70°C 5x 
SSC before slides were placed in 70°C 0.2x SSC for 1.5 hours.  Following the long wash, 
slides were transferred to room temperature 0.2x SSC for five minutes and then to room 
temperature buffer B1 (0.1M Tris-HCl pH7.5, 0.15M NaCl in H2O) for five minutes.  
Next, tissue was blocked for at least one hour in 10% heat inactivated fetal calf serum 
(hiFCS) in buffer B1.  Finally, for day two, primary anti-DIG antibody diluted 1:5000 in 
buffer B1 + 1% hiFCS was added to the tissue and allowed to incubate over night at 4°C. 
 On the final morning, slides were washed three times in buffer B1 before 
equilibrating in buffer B3 (0.1M Tris-HCl pH9.5, 0.1M NaCl, 0.05M MgCl2 in H2O) for 
five minutes.  During equilibration, colour solution was mixed to final concentrations of 
5*10-3M MgCl2, 1.72% NBT (nitro blue tetrazolium chloride), 1.72% BCIP (5-Bromo-4-
chloro-3-indolyl phosphate) and 1x levamisol in B3 buffer.  Slides were then placed in 
colour solution and incubated in the dark at room temperature for at least three hours 
until blue staining could be observed in a cell specific manner.  Following several washes 
in H2O, tissue was mounted using Merck Aquatex and allowed to dry at room 
temperature. 
 
Free Floating Adult Brain Immunohistochemistry 
 For BrdU staining, mice were injected with 50ug/mL two hours prior to profusion 
and tissue was first incubated for one hour at 37°C in denaturing solution (0.1M HCl, 1% 



Tween-20 in PBS).  Next, and for all antibodies, tissue was incubated in about 1mL of 
blocking solution (PBS + 10% FBS) for at least 1 hour at room temperature.  Next, 
primary antibody of interest was diluted in blocking solution at ratios specific to the 
antibody (between 1:20 and 1:3000) and 1mL of this solution was applied to the tissue 
and allowed to incubate over night at room temperature.  The next day, tissue was 
washed three times with about 2mL of PBS for ten minutes each wash.  Next, 
fluorescence conjugated secondary antibody, (from Jackson Immuno) specific for the 
heavy chain of the animal in which the primary antibody was raised, plus 1:1000 DAPI 
(4',6-diamidino-2-phenylindole) was diluted in blocking solution (1:400 for FITC 
conjugated and 1:1000 for Cy3 conjugated antibodies), before 1mL of this solution was 
applied to tissue and incubated at room temperature in the dark for 1.5 hours.  Following 
this, tissue was washed three times with about 2mL of PBS for ten minutes each wash 
before the tissue sections were applied to glass slides and mounted by applying 
Vectashield and a glass coverslip.  Stained adult brain sections were visualized and 
photographed using a Nikon fluorescent microscope. 
 
Results: 
CMV-cre Flox-Sox21 Mice 
 The use of conditional knock out alleles generated using the cre-recombinase 
system36 have been a very popular model as of late due to their ability to narrow down 
the physiological effect of the gene knock out.  The highly active CMV promoter was 
used to drive expression of Cre protein in generating the complete knock out due to its 
high activity in all cell types and at all developmental stages.  A strain of mice carrying 
this allele was crossed to a strain of mice that had been transgenically manipulated to 
have LoxP sites 3’ and 5’ of the Sox21 gene.  The progeny from these crosses exhibited 
normal prenatal development and were indistinguishable from their littermates at birth.  
Although somewhat noticeable upon the onset of hair growth, it became blatantly 
apparent after a month’s time that the cmv-cre; flox-sox21 mice also groom themselves 
significantly more then their littermates, although this has not yet been quantified, and 
this can be observed as large bald patches and generally unkempt appearance of these 
mice (Results Figure 5A).  Since sox21 has been shown to be expressed in various places 
within the developing organism, including the skin, we decided to utilize our conditional 
flox-sox21 allele. 
 
Emx-cre; Flox-Sox21 Mice 
 In order to determine whether or not the hair loss phenotype seen in the cmv-cre; 
flox-sox21 mice was in fact caused by a behavioural abnormality originating in the brain, 
we crossed our flox-sox21 mouse strain to a strain that carries the cre gene under the 
control of the cortex specific emx gene promoter24.  The progeny from these crosses also 
exhibited normal prenatal development and were indistinguishable from their littermates 
at birth.  However, by three weeks of age these mice also exhibited excessive grooming 
behaviour.  Although hair loss was once again noticeable by one week of age, these emx-
cre; flox-sox21 mice also show large bald patches as a result of their grooming behaviour, 
albeit much more localized than in the cmv-cre; flox-sox21 mice (Figure 5B). 
 
 
 



Assessment of Sox Gene Redundancy in Neurogenesis 
 From previous studies performed in the chick neural tube, it had been 
hypothesized that Sox21 was the only Sox protein capable of counteracting the gene 
activating effects of group SoxB1 proteins, and pushing mitotic progenitors towards a 
neuronal fate.  However, the non-lethal phenotype observed in the cmv-cre; flox-sox21 
mice, suggests that there are other members of the Sox gene family capable of freeing 
cells from the mitotic cycle and inducing neurogenesis.  In order to assess Sox proteins 
could be involved in rescuing the sox21 knock out phenotype, our group decided to 
further study the other Sox proteins that have been shown to have repressive activity on 
transcription – Sox5 and Sox614. 
 In order to judge whether or not Sox5 and Sox6 were capable of inducing 
neurogenesis, our group electroporated DNA constructs that express these proteins into 
the neural tube of the chicken embryo.  Our results show that both Sox5 and Sox6 are 
capable of downregulating the progenitor markers Sox3 (figures 6A and 6B), Pax6 
(figures 6C and 6D) as well as the transitional state marker NeuroM (figures 6E and 6F).  
In addition to releasing cells from a mitotic progenitor state, our results also show that 
Sox5 and Sox6 are both capable of upregulating the neuronal markers Lim2 (figures 6G 
and 6H) and NeuN (figures 6I and 6J).  It is unexpected that NeuN would show greater 
upregulation than Lim2 in neuronal induced cells, but in these figures, this is likely due to 
an inappropriate dilution of Lim2 antibody.  Regardless, together these results 
demonstrate the capabilities of Sox5 and Sox6 to individually induce neurogenesis in an 
in vivo model. 
 
Assessment of Adult Neurogenesis 
 Neurogenesis in the adult brain has become an accepted fact over the past decade.  
Induction of adult neurogenesis has even been found to be the target of several 
psychiatric and antidepressant drugs37 (and references within).  Combined with our original 
hypothesis of Sox21’s involvement in neurogenesis, and the expression of cre around 
several adult neurogenic niches, it was logical for us to assess whether adult neurogenesis 
was affected in our emx-cre; flox-sox21 by performing BrdU staining on adult tissue.  
Due to the well documented adult cell proliferation present in the dentate gyrus and the 
lateral ventricles38, these areas are shown in figure 3.  However, upon staining for BrdU 
using immunohistochemistry, we could observe no defects in neurogenesis within either 
of the established neurogenic niches of the dentate gyrus (figure 7C and 7D) or the lateral 
ventricle (figure 7A and 7B). 
 
Assessment of Cortical Layering by in situ Hybridization in emx-cre; flox-sox21 Mice 
 Within Liu et al. (2008), sox5 knockout mice were shown to have axon 
pathfinding defects and mispatterning of layer V corticofugal neurons in P0 mice.  Within 
the paper, that group showed mispatterning of several markers of subcortically projecting 
neurons.  This lead our group to question whether or not the same molecules could be 
affected in our emx-cre; flox-sox21 line.  Therefore, we produced EST RNA probes 
against several markers of subcortically projecting neurons fezl, ctgf  and tbr1 for in situ 
hybridization in our mice.  Fezl is shown to be expressed (figures 8A and 8D) in layer V.  
Tbr1 is shown to be strongly expressed in layer VI and I-III, while being expressed in 
only a few layer V cells (figures 8B and 8E).  Ctgf is shown to be expressed in the 
subplate, just above the white matter (figure 8C and 8F).  However, in adult emx-cre; 



flox-sox21 cortices, no difference in the expression patterns of these molecules could be 
observed between knock out and wild type genes.   
 
Assessment of Cortical, Olfactory and Striatal Interneurons in emx-cre; flox-sox21 Mice 
 Hyperactivity and anxiety phenotypes in human disorders have been generally 
linked to overactivity of varying areas of the brain39.  Overactivity of the brain can be 
caused by many things, such as factors intrinsic to a neuron’s firing rate or by a loss of 
inhibitory GABAergic interneuron inputs.  Although the emx lineage does not give rise to 
interneurons in the cortex, it has been reported to give rise to a subset of interneurons in 
the olfactory bulb and striatum25,26.  It is also possible that the migration of cells from the 
ganglionic eminences into their proper layers could be affected in the emx-cre; flox-sox21 
mice.  Therefore, in situ hybridization was performed against gad67 (glutamic acid 
decarboxylase 1; figure 9A and 9B), which is a necessary enzyme in GABA synthesis 
and marks >90% of GABAergic interneurons in the brain30, and npy (neuropeptide y; 
figure 9D and 9E), which is a neuropeptide that marks a separate subset of interneurons.  
Also, immunohistochemistry was performed against calretinin and visualized in the 
cortex (figure 9F and 9I), olfactory bulb (figure 9G and 9J) and striatum (figure 9H and 
9K) because the emx lineage has been shown to give rise to calretinin positive 
interneurons in the olfactory bulb25.  These molecules mark varying subsets of 
interneurons throughout the brain; however, in adult emx-cre; flox-sox21 brains no 
difference in expression patterns of these molecules could be observed.  Due to the 
difficulty in interpreting the dispersed expression pattern seen in GABAergic neurons, 
cell counting was undertaken using equally sized and pair-matched pictures of gad67 
stained cortices (figure 9C).  However, no significant difference could be observed 
between the number of gad67+ cells present in the emx-cre; flox-sox21 and wild type 
cortex. 
 
Assessment of GABA Receptors in emx-cre; flox-sox21 Mice 
 Although no problems could be observed with the patterning or quantity of the 
inhibitory neurons of the cortex, the phenotype still suggests loss of firing inhibition at 
some level.  Therefore, we felt that, particularly as the molecular phenotype should exist 
within the projection neurons of the cortex, it would be wise to test the integrity of a 
range of GABA receptor subtypes and subunits.  In order to achieve this, EST plasmids 
were ordered and probes were made against six different GABA-A receptor subunit 
genes (gabra1, gabra4, gabra6, gabrb1, gabrd and gabrg1), which were chosen based on 
their published cortical expression patterns, and both genes encoding subunits of the 
GABA-B receptor heterodimer (gabbr1 and gabbr2).  Unfortunately, many of these 
probes have failed upon being run through the in situ protocol.  We are currently 
optimizing the length of each probe in order to get a signal, but the probes that have 
worked are shown here: gabbr1 in figures 10A and 10B, gabra4 in figures 10C and 10D 
and gabrd in figures 10E and 10F. 
 
 
 
 
 



Discussion: 
 The work described here was originally performed in an attempt to better 
characterize the role of Sox21 in the development of the mammalian CNS.  Upon 
observing that complete sox21 knockout mice have no major defects in neurogenesis, we 
first set out to find candidate molecules that could be involved in rescuing the loss of 
Sox21.  Thus, this work has shown the ability of Sox5 and Sox6 proteins to downregulate 
progenitor markers and push cells in the chick neural tube towards a neuronal fate.  
Following this we sought to discover and characterize a molecular defect, which could 
lead to the grooming behaviour phenotype observed.  To achieve this and to determine 
whether the defect was indeed cognitive, we first conditionally knocked out Sox21 in the 
cortex by generating emx-cre; flox-sox21 animals.  As the grooming phenotype could still 
be observed we went on to show that there is no apparent defect in either adult 
neurogenesis or the generation or patterning of sub cortically projecting neurons in the 
cortex of sox21 knockout mice.  We have also shown evidence that there is no defect in 
the generation of several interneuron populations within the cortex, olfactory bulb and 
striatum.  Now our group has moved onto attempting to characterize the expression of a 
subset of GABA receptors throughout development.   So although the layers of 
complexity that are involved in the operant adult brain are a daunting task to unravel, 
particularly when the redundancy and context dependent multi-functionality of the 
molecules involved is taken into account, they still produce a fascinating array of 
unexpected questions. 
 The generation of neurons within the CNS is a highly dynamic and regulated 
process.  There is no single protein that maintains cell proliferation or produces a neuron, 
but through a highly interdependent network of conditional inhibition and activation 
neurons are generated from precursors in the ventricular zone of the neural tube.  It is 
apparent from previous work11 that Sox21 is a member of this network that is capable of 
counteracting the stem cell maintaining capacities of Sox1-310; however, it is apparent 
from this work that other molecules must have a similar capacity.  Work showing that 
ectopic expression of Sox2, along with just a few other factors, is capable of restoring a 
self renewing fate3 speaks to the likely importance of counteracting the functions of this 
factor during neurogenesis.  Therefore, it will be interesting to see if transgenic animals 
that lack more of the repressive Sox proteins are still able to rescue neurogenesis by some 
other means.  Certainly, due to the nature of the Sox family of transcription factors as 
capable of bending DNA, the question must be asked as to how important their ability to 
directly attract the transcriptional machinery truly is?  Although it is plausible that the 
Sox proteins play a much more facilitative role in organizing DNA for the efficient 
docking of transcriptional regulators, this does not go far enough to explaining their 
established and indispensable role in maintaining stemness.  Most of these questions will 
be most appropriately answered in vitro and thus our group has begun to design and carry 
out experiments to test the direct transcriptional effect that the Sox protein has. 
 Considering that no patterning role has ever been demonstrated for Sox21, the 
phenotype that is observed in the knock out mouse is puzzling to say the least.  It is most 
fascinating that when the loss of Sox21 is confined to the cortex, a similar (albeit more 
defined) grooming phenotype is observed, as this does suggest a direct role for this 
structure in the phenotype.  Several other transgenic mouse models have also shown 
grooming phenotypes40,41, but at least one of these has been shown to be due to defects in 
nocireception42, which suggests no link to cognitive function.  It is also interesting to note 



that both the HoxB8 and Sapap3 knockout models shown skin lesions due to ‘grooming’, 
while the Sox21 knockout does not.  The reason for these observations is that virtually 
every transgenic mouse shown to have a grooming phenotype has been declared a model 
for human obsessive-compulsive disorder (OCD).  This disorder is defined by a patients 
repetitive actions being cause by inescapable thoughts or feelings that can only be 
satiated by performing these actions.  Although proving that a mouse has obsessions may 
be impossible, the parts of the brain involved in stereotyped actions and repetitive 
behaviour are certainly of interest to this research and research on OCD may provide 
some useful information.  One hallmark of OCD is that most patients are responsive to 
either serotonin re-uptake inhibitors or dopamine agonists, and it is believed that this is 
due to the drugs ability to stabilize cortical and thalamic neurotransmission within the 
striatum43. 
 The cortex is widely thought to be the center of higher thought, planning and 
decision making; however, in order to carry out these actions, an animal must first be 
able to collect its attention to a single task (which is generally thought to be a function of 
the thalamus) and perform that task in an organized manner (likely via striatal 
connections with the basal ganglia and spinal chord)44.  Since mice with Sox21 lacking 
only in cortex show a similar over grooming phenotype to complete knock outs, this 
narrows down our search exponentially.  It is unfortunately difficult to say what specific 
aspect of neuronal function could be compromised in the absence of Sox21 during 
corticogenesis (migration, axon extention, synaptogenesis, activity, etc).  However, since 
we have looked at the presence and patterning of several interneuron markers, and given 
the above observations, it seems at least likely that the defect is in glutamatergic 
projection neurons that connect the cortex to itself, the striatum or the thalamus.  
Although we cannot say that the Sox21 knock out mice are anxious, their excessive 
grooming does suggest a loss of some kind of inhibition or the transduction of inhibition 
within some circuit.  All glutamatergic neurons in the cortex make connections with some 
GABAergic neuron and thus express GABA receptors of various types.  It has been 
shown that GABA receptors are involved in multiple processes besides the active 
synapse, such as during cortical development45.  Also, mutations in GABA-B receptors 
have also been found via association mapping studies to be linked with OCD in 
humans46.  The above evidence makes the GABA receptors a good candidate for our 
study and thus we are currently testing the expression of multiple GABA receptor 
subunits.  Since Sox21 is expressed in the progenitors of cortical neurons, it is possible 
the molecular defect is throughout the cortex and if so it is very likely that something as 
general as GABA receptor expression would be transducing the phenotype. 

If the defect were in fact involving the patterning of a subset of neurons, it could 
be interesting to look at neurons in the cortex that project to the striatum and thalamus, 
which are found in layers V and VI.  Not only are these cells born the earliest and in 
closest proximity to sox21 expression during corticogenesis, but corticofugal neurons, 
which we tested for since they have been shown to be affected in Sox5 knock out mice28, 
project from layer V.  Although we found there to be no defect in the patterning of the 
markers we tested, this could potentially be due to our only having looked in the adult.  It 
is also quite possible that the loss of Sox21 does will not affect cell number or patterning 
at all and that we may only see a defect via axon tracing.  There are also several other 
subcortical projection neuron subtypes that could be affected in the emx-cre; flox-sox21 
mice.  If the GABA receptors yield no apparent phenotype, it could be interesting to find 



specific markers for corticostriatal and corticothalamic projections neurons to see if these 
could be mispatterned without affecting corticofugal patterning.  If this were the case, it 
would still be important to do axon tracing to see if the corticostriatal and corticothalamic 
tracts were affected in these animals. 

The future of this project will include parallel projects to assess both the 
redundancy of repressive Sox proteins during neurogenesis, as well as the subsets of 
neurons that Sox21, Sox5 and Sox6 are required in order to pattern in the cortex.  In order 
to undertake this task, our group has obtained strains of mice with the Sox5 and Sox6 
genes flanked by LoxP sites.  These strains will allow us to assess the conditional knock 
out of any combination of Sox5, Sox6 and Sox21 in a mammalian model.  It is now our 
hypothesis that a triple knock out of Sox5, Sox6 and Sox21 should show a notable 
neurogenic phenotype.  Also, given the reciprocity of Sox5 and Sox6 expression during 
development, it could be hypothesized that double knock outs of these Sox proteins with 
Sox21 will produce defects in corticogenesis and ganglionic eminence neurogenesis, 
respectively.  In addition to where these mice strains may lead us, it will first be 
important for us to characterize a molecular phenotype for the emx-cre; flox-sox21 mice.  
This work has shown that the lack of a neurogenic defect in these mice is likely due to 
functional redundancy with co-expressed SoxC group proteins and that the behavioural 
defect in these mice is not due to mispatterning of corticofugal neurons, nor interneurons 
in the cortex. Likely, this will involve assessing the expression of further markers at early 
embryonic stages, as well as retrograde axon tracing in adults; however, this is difficult to 
say at the present time.   
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Figure 5: Photographs of sox21 knockout mice strains. 

A) Photograph of representative eighteen month old adult cmv-cre; flox-sox21 mouse 
showing extensive hair loss phenotype. 

B) Photograph of representative six month old adult emx-cre; flox-sox21 mouse 
showing specific hair loss phenotype. 
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Figure 6: Overexpression of Sox5 or 

Sox6 in the chick neural tube both 
downregulates progenitor markers 

and upregulates neuronal genes. 
In A, C, E, G and I, green marks  
 immunohistochemistry against  

myc-tagged Sox5 protein, while   
in B, D, F, H and J, green marks  

immunohistochemistry against 
myc-tagged Sox6 protein. 

A and B) Red marks immuno- 
histochemistry against Sox3 

C and D) Red marks immuno- 
histochemistry against Pax6 

E and F) Red marks immuno- 
histochemistry against NeuroM 
G and H) Red marks immuno- 

histochemistry against Lim2 
I and J) Red marks immuno- 
histochemistry against NeuN  
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Figure 7: Adult neurogenesis is unaffected in emx-cre; flox-sox21 mice. 
(A and B) BrdU immunohistochemistry of the ventricular zone in wild type (A) and emx-
cre; flox-sox21 (B) mice. 
(C and D) BrdU immunohistochemistry of the dentate gyrus in wild type (C) and emx-
cre; flox-sox21 (D) mice. 
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Figure 8: In situ hybridization shows that several subcortical projection neuron markers 
are unaffected in adult emx-cre; flox-sox21 mice.  
(A and D) Fezl expression in cortical layer V.   
(B and E) Tbr1 expression in several cortical layers.  
(C and F) Ctgf expression in deep layer VI neurons.   
A-C show wild type adult cortex sections, while D-F show emx-cre; flox-sox21 adult  
cortex sections. 
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Figure 9: Interneuron patterning and cell number are unaffected in the emx-cre; flox-
sox21 adult cortex, olfactory bulb and striatum. 
(A and B) gad67 expression in wild type (A) and emx-cre; flox-sox21 adult cortex. 
(C) Number of gad67+ cells per standardized and pair matched cortical area. 
(D and E) npy expression in wild type (D) and emx-cre; flox-sox21 (E). 
(F – K) Immunohistochemistry using calretinin antibodies, showing wild type (F – H) 
and emx-cre; flox-sox21 (I – K) cortex (F and I), olfactory bulb (G and J) and striatum (H 
and K). 
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Figure 10: Assessing the patterning of GABA receptors has been undertaken. 
A and B) In situ hybridization against gabbr1 in wild type (A) and emx-cre; flox-sox21 
(B) adult mice. 
C and D) In situ hybridization against gabra4 in wild type (C) and emx-cre; flox-sox21 
(D) adult mice. 
E and F) In situ hybridization against gabrd in wild type (E) and emx-cre; flox-sox21 (F) 
adult mice. 
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