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Recent advances have defined distinct neural progenitor and early 

interneuron pools in the developing spinal cord and the molecular events that 

influence progenitor cell fate.  However, these early neurons have not been traced to 

adult neuron types.  The transcription factor Mash1 is transiently expressed in a 

subset of neural progenitors and possesses a pro-neural function.  The transient 

nature of its expression limits the ability to trace Mash1+ progenitors.  To study the 

developing neural tube from progenitor to adult neuron, transgenic mouse strains 

were generated that express GFP, Cre recombinase, and tamoxifen-inducible Cre 

recombinase.  The M1-GIC mouse line, showed faithful Mash1 expression 
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recapitulation and traces Mash1+ progenitors mainly to dI3 and dI5 interneurons.  

This supports data from the Mash1 null mutant where these populations are 

decreased or absent.  Using M1-GIC;R26R-lacZ mice, I was able to trace Mash1 

expressing cells to neurons and oligodendrocytes in the adult mouse, but tracing to 

astrocytes was never observed.  These data refute the conventional understanding 

that Mash1 is purely pro-neuronal, and is consistent with recent findings of Mash1 

descendents in the early postnatal subventricular zone.  Using M1-CRE-ERTM;R26R-

lacZ and M1-CRE-ERTM;R26R-YFP, Mash1+ cells trace into adulthood in a 

temporally-dependant manner.  Cells expressing Mash1 at E10.5 become neurons 

of the dorsal horn in lamina I-IV while cells expressing Mash1 at E15.5 become 

oligodendrocytes spread over both gray and white matter.  As a control, Nestin-

CreERT2;R26R-lacZ and Nestin-CreERT2;R26R-YFP mice were used to confirm that 

common progenitors of all neural cell types can be traced from E10.5 to P21.    This 

data provides evidence that Mash1 defines lineage restricted precursors that exit the 

cell cycle rapidly, and Mash1 is necessary for efficient loss of common progenitor 

characteristics as seen in the Mash1 null mutant.  This data refines our 

understanding of progenitor characteristics and Mash1 function in the developing 

spinal cord. 
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CHAPTER 1 
Introduction and Background 

 
 

OVERVIEW 

The mammalian nervous system is a vast array of cells that cooperate to 

produce electrical signals that allow us to perceive, interpret and react to our 

surroundings in an intelligent fashion.  Three basic neural cells make up the central 

nervous system (CNS), neurons, oligodendrocytes and astrocytes, but these basic 

cell types can be further subdivided into a diverse array of unique cells with specific 

functions.  Neurons are a diverse set of cell types as defined by morphology, 

location and connectivity, and electrical properties (Kandel, 2000).  Glia were once 

thought to be a homogeneous population of cells supporting the electrically active 

neurons, but oligodendrocytes and astrocytes clearly have different roles in the CNS 

(Naderi et al., 2004).  Even these two basic glial cell types may soon be subdivided 

according to more specific properties. Ultimately, each cell of the brain is unique 

based on its location in the organ.  The fact that this diverse structure originates from 

a simple embryo has intrigued scientists for centuries.   

One of the basic questions of neural embryology remains – how do the cells 

of the early neural plate produce all the diverse cells types of the adult nervous 

system.  Decades of focused research have produced an understanding of the 

structural and morphological changes that occur during neural development.  The 

CNS developmental model has been continually refined and now extends to the 
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molecular mechanisms driving and controlling these changes. It has become 

necessary to focus on small, stereotyped systems so that we are better able to 

understand the complex molecular mechanisms controlling that region’s 

development.  That information can then be applied to the remaining nervous 

system. This introduction provides a focused overview of research addressing the 

adult structure of the dorsal spinal cord, its morphological development, and the 

molecular mechanisms controlling this process. 

 

BASIC NERVOUS SYSTEM ANATOMY 

The most caudal division of the CNS is the spinal cord.  It is a conduit for 

communication between the higher cognitive functions and both, sensory input and 

motor output.  In addition, it processes the information that travels through it.   

Neural circuits within the spinal cord can compute basic functions such as reflex arcs 

or higher functions such as gait pattern generation.  The spinal cord is anatomically 

divided into gray and white matter where the gray matter is composed of neuron cell 

bodies and the white matter contains axon tracts supported by myelinating 

oligodendrocytes and astrocytes. Communicating axons ascend and descend in the 

white matter of the spinal cord carrying sensory information to the cortex or motor 

information from the cortex, respectively.  The gray matter contains a diverse set of 

neuron types and can be grossly subdivided into the dorsal horn and the ventral 

horn.  The dorsal horn is the initial integration center for sensory input from the 

periphery while the ventral horn is the final central processing center for motor 
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output to muscle cells.  The spinal cord is a unique part of the CNS that is small, yet 

complex. 

To understand the complex nature of the spinal cord, researchers began by 

characterizing its anatomy.  There are four major divisions of the spinal cord along 

the rostral-caudal axis, the cervical, thoracic, lumbar and sacral regions (Figure 

1.1a).  The cervical and lumbar regions bulge to a larger diameter than the rest of 

the cord.  This bulge is due to the increased number of cells necessary to supply 

nerves to the upper and lower extremities.  The cord ends caudally in the cauda 

equina, which is a collection of the final spinal nerves projecting to the lower 

extremities.  The rostro-caudal level of the spinal cord is important because different 

regions have different cross-sectional anatomies.  This anatomy has been essential 

for understanding the cord’s function, and for development, it is important to 

understand the end product. 

The gray matter of the spinal cord has been subdivided in to lamina based on 

cellular morphology Rexed, and others (Rexed, 1952; Rexed, 1954; Steiner and 

Turner, 1972). Rexed defined ten lamina in the cat spinal cord (Figure 1.1b).  These 

laminae are numbered from the dorsal to ventral (I-X) and characterized based on 

cytoachitectonic characteristics such as cell morphology and cell density (Fig 1.1b).  

Although this is a purely morphological classification it remains useful in defining 

cell-type and functional characteristics of spinal neurons (Todd and Spike, 1993; 

Wall and Wickelgren, 1968).  These laminae are roughly the same in the rodent 

spinal cord although the dorsal horns were generally more elongated (Fig 1.1c) 
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(Steiner and Turner, 1972).  Lamina I-V are considered dorsal horn and they 

increase in laminar width as you progress from I to V.  Lamina I is the thinnest layer 

and is composed of various size neurons orientated horizontally as they spread over 

the dorsal extreme of the horn directly adjacent to Lissauer’s tract.  Lamina II 

contains darkly staining, densely packed small uniform cells.  They are marked by 

Substance P and receive a majority of the sensory input that will project to rostral 

thalamic nuclei through the spinothalamic tract.  Lamina III contains larger neurons 

that vary in size with neuropil that is less compact than Lamina II.  Lamina IV 

contains neurons heterogeneous in size but is differentiated from Lamina III by the 

presence of scattered large cells (McClung and Castro, 1978), and it is the first 

lamina to connect with it contralateral lamina in the medial gray matter  (Meikle and 

Martin, 1981; Molander et al., 1984; Steiner and Turner, 1972).  Lamina V forms the 

neck or base of the dorsal horn.  While Lamina V contains large cells similar to IV, 

the major distinctive feature of Lamina V is its reticulated appearance resulting from 

longitudinal bundle of myelinated axons.  It is debated whether a true Lamina VI 

exists in the rodent as it does in the cat (Steiner and Turner, 1972), but more recent 

reports have identified it in the cervical enlargements only with Nissl staining as an 

area of densely packed smaller neurons ventral to the medial portion of Lamina V 

(McClung and Castro, 1978).  Laminae VII, VIII and XI contain motorneurons that 

supply skeletal muscle.  Laminae VII constitutes the intermediate zone between the 

dorsal and ventral horns and is characterized by larger cells that are more 

cytologically homogenous.  Lamina VIII varies in its location relative to Lamina VII, 
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but in the cervical region it exist ventromedially from VII and contains large cells that 

stain more densely than VII.  Lamina IX is not a true lamina, but rather several nuclei 

within Lamina VII and VIII.  They contain the largest neurons of the ventral horn.  

Smaller interneurons exist throughout the ventral horn but do not contribute to its 

gross laminar organization.  Lamina 10 surrounds the central canal and comprises 

most of the commissures.  It also contains the recently described adult stem cells of 

the spinal cord (Mothe and Tator, 2005).  This laminar cytoarchitecture is mainly 

used to define the neurons of the gray matter, but glial cells are interspersed 

throughout the gray matter.  In fact, their myelination pattern adds to the 

cytoarchitecture seen when staining for the various laminae. This laminar pattern 

has been used in a wide variety of spinal cord characterization studies, and despite 

some limitations of a morphological system, it has become the standard for 

discussing neurons in this area.   

The cellular make up of the spinal cord white matter mainly includes 

oligodendrocytes, astrocytes and axons.  Oligodendrocytes myelinate rostro-

caudally oriented axons that pass through the spinal cord in characteristic bundles 

called funiculi.  Three general areas exist, (1) the dorsal columns, (2) the lateral 

funiculus, and (3) the ventral funiculus.  Proprioceptive information travels through 

the dorsal columns of the mouse. Motor information descends in the corticospinal 

tract, which in rodents is located in the ventral part of the dorsal column. The lateral 

and ventral white matters contain a mixture of different funiculi.  One major tract in 

the lateral white matter includes the spinothalamic tract carrying pain and 
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temperature information.  Astrocytes support the cells in the white matter and help to 

make the pia matter that encases the spinal cord.  Oligodendrocyte cells appear 

small and dispersed throughout the white matter while astrocytes generally have cell 

bodies along the pial surface sending projections medially throughout the white 

matter.   

 

EMBRYONIC DEVELOPMENT OF THE SPINAL CORD 

On a gross level, the production of the spinal cord has a limited number of 

steps (Fig 1.2).  The nervous system begins as a relatively uniform plate of 

pseudostratified epithelium in the primitive ectoderm of the embryo (Figure 1.2-

Neural plate).  The formation of this plate was induced by the underlying mesoderm 

through a primitive structure, the notochord.  This neural plate folds into a neural 

tube maintaining the pseudostratified epithelium (Figure 1.2 – Neural fold).  The 

ventricular zone (VZ) is a defined region adjacent to the newly formed neural tube 

lumen.  The progenitors in this region are responsible for producing the cells of the 

nervous system.   These progenitors divided and begin to produce cells that 

differentiate into neurons that migrate out and form a new structure, the mantle zone 

(MZ).  Initially, the VZ takes up the entire wall of the neural tube (Figure 1.2 – Neural 

tube).  As neurogenesis continues, the mantle zone increases in size while the VZ 

decreases, until the MZ become the mature spinal cord (Figure 1.2 – Mature Spinal 

cord).  The VZ does not fully disappear but rather its remnant surrounds the central 

canal where adult stem cells have been observed.  This gross process has been 
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well studied, and now the cellular and molecular underpinnings are beginning to be 

understood. 

In general, neurogenesis precedes gliogenesis.  From studies in the rat 

embryonic spinal cord using tritiated-thymidine, ventral neurons are the first 

population to appear (Figure 1.3a) (Altman, 2001).  Their production is followed 

rapidly by the production of neurons all along the ventricular zone but only for a 

limited time period (Figure 1.3b-f).  The end of neurogenesis overlaps with the initial 

phases of gliogenesis, and then, it is followed by a period of robust gliogenesis 

derived from the ventricular zone producing glia and glial precursors until birth 

(Figure 1.3g-l) (Altman, 2001).  At birth in the rat, the ventricular zone has receded to 

become the ependymal region surrounding the central canal and shows limited 

activity (Figure 1.3l).  Glial precursors still show mitotic activity, but they replicate 

locally rather than in a defined ventricular or subventricular zone (Figure 1.3h-l) 

(Altman, 2001).  This local replication begins before birth and continues into 

adulthood (Altman, 2001).  Understanding these cellular processes is necessary to 

begin to understand the mechanisms that can control these cellular processes of 

expansion and reorganization.   

 

MOLECULAR MECHANISMS OF NEURAL DEVELOPMENT 

Efforts over the past several decades have pushed to understand 

neurogenesis by the molecular deconstruction of pathways leading to neural 

induction, specification, differentiation, migration, arborization and axonal guidance, 
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maturation, and survival of neural cells.  To produce the adult nervous system, 

neurons of the proper type must be specified, lose their progenitor properties, 

migrate to the proper location, express appropriate genes and make appropriate 

connections.  These neurons must also be supported by the appropriate compliment 

of oligodendrocytes and astrocytes.  The process of determining an individual 

neuron’s fate begins in this ventricular zone by the influence of a myriad of factors 

that pattern the neural tube in a rostro-caudal axis, a dorso-ventral axis and a 

temporal axis.  These axes are produced by extrinsic factors from signaling centers 

such as the floor plate and the roof plate.  Signaling from the floor plate mediated by 

Sonic Hedge Hog (Shh) creates a gradient that induces progenitors to produce 

neural cells and ventralizes the identity of the neural cells produced there (Figure 

1.2) (Johnson et al., 1994; Ruiz i Altaba et al., 1995).  The relative concentration of 

Shh that each progenitor sees has a direct correlation to the type of neuron it 

becomes (Ericson et al., 1995a; Ericson et al., 1995b).  These ventral neurons have 

been classified into categories, which are dependent on this Shh gradient (Briscoe et 

al., 2000).  The roof plate is a similar signaling center that dorsalizes the neural tube 

by expressing members of the bone morphogenetic proteins (BMP) family of 

proteins (Figure 1.2) (Mehler et al., 1997).  This morphogenic gradient sets up 

another set of populations that have been characterized into the dorsal interneuron 

(dI) populations (see section below for description) (Helms and Johnson, 2003; Lee 

et al., 1998).  Neurogenesis is also affected by retinoic acid, nitric oxide and 

potentially other unknown diffusible signals.   
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The process of neurogenesis and cell specification is also influenced by the 

internal environment of the progenitor. Therefore, transcription regulatory factors that 

actively control that environment play a pivotal role in these processes.  These 

factors help determine a cell’s response to the external signals.  Early studies of 

Drosophila melanogaster identified some of the first genes involved in CNS 

development.  For example, the achaete-scute cluster (AS-C, pronounced “A-keet – 

skoot”) of genes was identified to have a role in the development of the external 

sensory organs (Muller and Prokofyeva, 1935).  This locus was found to have a 

“proneural” effect in that its expression promoted the formation of cells in the 

nervous system (Ghysen and Dambly-Chaudiere, 1988; Ghysen and Dambly-

Chaudiere, 1989; Romani et al., 1989).  Genes found here include achaete (ac), 

scute (sc), lethal of scute (l’sc), and asense (ase) (Alonso and Cabrera, 1988).  All 

four genes were found to be similar to the mammalian gene myc, and they contain 

the basic structural units of a basic region followed by a helix-loop-helix motif placing 

them in the basic-helix-loop-helix (bHLH) family of transcription factors (Alonso and 

Cabrera, 1988; Villares and Cabrera, 1987).  The expression of the AC-S cluster 

specifies a cell to become a neuroblast by isolating it from the equipotent sheet of 

cells in the Drosophila’s ectoderm.  This neuroblast divides twice to produce sensory 

bristle of four cells – a neuron projecting to the CNS, a supporting cell, a shaft cell, 

and a socket cell (Romani et al., 1989).  Elimination of the AS-C results in a 

complete lack of external sensory organs and a reduction of CNS neurons.  Ac and 

sc are the most important for this loss and their functions seem to be 
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interchangeable and redundant (Dambly-Chaudiere and Ghysen, 1987; Garcia-

Bellido and Santamaria, 1978).  The bHLH family has proven to be important for the 

molecular control of neurogenesis, but many more cell intrinsic factors have been 

found to influence this process.  Other families of factors include the homeotic (Hox) 

genes and the winged helix-loop-helix family (Lumsden and Krumlauf, 1996; 

Rubenstein and Puelles, 1994).  The concert of these intrinsic factors and extrinsic 

signal works to specify the neural cell types. 

One way that cells in close proximity have been observed to signal each other 

connecting intrinsic factors with extrinsic signals is lateral inhibition.  Lateral 

Inhibition is a method by which a cell determined to become a specific fate prevents 

the surrounding cells from acquiring the same fate.  Again in Drosophila, a cell from 

the specified to become neural by the expression of ac/sc, inhibits the surrounding 

cells from adopting a neural fate by lateral inhibition.  The molecular mechanism 

identified to communicate this message includes the genes Notch (N), Delta (Dl), 

Suppressor of Hairless [Su(H)], and Enhancer of Split [E(Spl)] (Figure 1.4) 

(Artavanis-Tsakonas et al., 1999).  Mutations in these genes results in a hyperplasia 

of neural tissue due to the inability of neural stem cells to prevent surrounding tissue 

from adopting a neural fate (Dietrich and Campos-Ortega, 1984).  A cell that is 

specified as neural in the external sensory organ expresses As-C which upregulates 

Delta on the surface of the cell (Figure 1.4b-c).  Delta is a membrane-bound ligand 

for the Notch receptor, which is located on cells adjacent to the neural cell (Haenlin 

et al., 1994; Kunisch et al., 1994).  Delta activates signaling through Notch and this 
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activated Notch represses the neural fate in the adjacent cell (Figure 1.4).  This 

Notch-mediated repression of the neural fate is transduced by Su(H) which activates 

the expression of E(Spl) genes (Lecourtois and Schweisguth, 1997).  Finally, E(Spl) 

proteins inhibit the expression of AS-C and may antagonize proneural factors by 

forming inactive complexes (Heitzler et al., 1996; Oellers et al., 1994; Ohsako et al., 

1994; van Doren et al., 1994).  This process is highly regulated as other proteins 

have been shown to modulate lateral inhibition (Artavanis-Tsakonas et al., 1999).  

Lateral inhibition serves as a model for how juxtaposed cells can communicate and 

maintain different intrinsic environments while in the same area.   

 

EMBRYONIC DORSAL INTERNEURONS 

In the dorsal half of the neural tube, neurons in the mantle zone show a 

diversity of cell types as early as E10.5.  Recent work has categorized these cell 

types into eight populations of dorsal interneurons (dI).  These populations have 

largely been defined by the expression of combinations of individual homeodomain 

factors (HD).  This class of neural homeodomain factor are transcription factors 

expressed in unique domains in the dorsal neural tube.  There are six early born 

(E10-E12) populations (dI1-6) and two later born (E11-E13) populations (dILA and 

dILB).  The accepted markers for these populations are outlined in Figure 1.7 (Helms 

and Johnson, 2003).  Some progenitors have been traced to produce these 

populations (Math1(Gowan et al., 2001)), but there are still many gaps in our 

knowledge of what progenitors produce these early neurons and how they 
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accomplish the specification of individual populations.  The dorsal interneurons have 

also been “traced” to later stage neurons based on the persistence of these HD 

factors.  However, these studies have not addressed the possibility that the HD 

factors are down regulated and not expressed in cells that were once in a specific 

population.  From the present literature, the lineage tracing evidence is weak in 

connecting specific cell types in a direct path to adult neurons. 

 

THE FUNCTION OF MASH1 IN MAMMALIAN NEUROGENESIS 

Neurogenesis in mammalian vertebrates is thought to be governed by similar 

cascades as those described for Drosophila, yet the increased complexity would 

seem to require more diverse signaling mechanisms.  The proneural AS-C cluster 

described above has been well characterized in the invertebrate fly nervous system, 

but it does not necessarily translate into the vertebrate system.  The mammalian 

homolog to achaete and scute was discovered and named Mash1 (Mouse achaete-

scute homolog 1) (Johnson et al., 1992).  In addition, mammalian homologs of other 

Drosophila bHLH factors, such as atonal, have been identified including Math1 

(Mouse atonal homolog 1) (Ben-Arie et al., 1996), and Neurogenin1 and 2 (Ngn1 

and Ngn2 which are atonal homologs) (Ma et al., 1996; Sommer et al., 1996) (Figure 

1.7). They have been demonstrated to be essential for the production of certain 

neurons by loss-of-function, over-expression, and other studies.  In fact, deletion of 

individual bHLH’s mentioned above, results in early post-natal lethality (Guillemot et 

al., 1993b).  These genes are expressed in discrete patterns in the developing 

 



13 

neural tube (Figure 1.7).  Within the dorsal neural tube, Math1 is expressed in VZ 

cells close to the roof plate (Helms and Johnson, 1998).  Ngn1 is expressed in VZ 

cells just ventral to the Math1 domain (Gowan et al., 2001; Lee et al., 1998), and 

Mash1 is expressed ventral to the Ngn1 domain extending ventrally almost to the 

sulcus limitans (i.e. the dorso-ventral midline of the spinal neural tube) (Gowan et al., 

2001; Guillemot and Joyner, 1993; Lo et al., 1991).  Based on their homology to 

proneural Drosophila genes and their discrete expression patterns, these genes 

were proposed to be involved in the mechanisms of both neuronal differentiation and 

neuronal subtype specification.   

 The mammalian homolog to achaete and scute one (Mash1) was cloned 

from the rat neural crest-derived sympathoadrenal progenitor cell line (MAH) 

(Johnson et al., 1990).  Since then, the gene has been studied for its diverse yet 

stereotyped expression pattern throughout the nervous system (Guillemot and 

Joyner, 1993; Lo et al., 1991).  Mash1 mRNA expression can be visualized as early 

as embryonic day 8.5 (E8.5) in the unfused mesencephalon.  From E9.5 to E10.5, 

Mash1 expression becomes apparent in a dorsal domain of the primitive spinal 

cord’s VZ and a small domain in the ventral neural tube (Figure 1.5b and 1.7).  By 

E11.5 to 12.5 the ventral Mash1 domain fades while the dorsal domain remains 

strong.  As the VZ shrinks with time, the Mash1 domain also shrinks in a medio-

lateral orientation.  It continues to be expressed through E16.5 and possibly on into 

adult tissue because the late temporal conclusion of Mash1 expression has not been 

well defined.  Mash1 is not expressed in the mantle zone, and its expression 
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precedes the expression of neural differentiation markers such as β-tubulin (Lo et 

al., 1991; Porteus et al., 1994).  This defined and limited expression pattern in the 

ventricular zone places Mash1 at the right time of neurogenesis to effect the 

differentiation and early specification of neuron subtypes.  In addition, since Mash1 

is expressed at time points after major neurogenesis, it could be a candidate to 

effect gliogenesis in a similar manner (Parras et al., 2004).  Mash1 expression is not 

limited to the spinal neural tube, but rather, it has a complex expression pattern in 

the ventral telecephalon, diencephalon, dorsal mesencephalon, ventral 

metencephalon and myelencephalon, sympathetic and enteric neural crest, and the 

olfactory epithelium and bulb (Figure 1.5a) (Guillemot and Joyner, 1993; Guillemot et 

al., 1993b; Lo et al., 1991).  Expression of Mash1 can also be seen in the neural 

retina and the neuroendocrine lineages of the adrenal medulla and lung.  The time 

course of Mash1 expression in these individual tissues follows a pattern supporting 

its role in the differentiation of neural progenitors.  Despite its seemingly widespread 

expression, it is expressed in a defined domain in each of these tissues suggesting 

that Mash1 functions to define specific neural cells in each tissue.   

The function of Mash1 has been studied by loss of function models in the 

mouse revealing its necessity for subsets of neural cells entirely.  In fact, null mutant 

mice die within 24 hours of birth.  This probably is the result of breathing 

abnormalities due to alterations hindbrain circuitry (Qian et al., 2001).  In Mash1 null 

mutants, lost neurons include olfactory epithelial neurons, retinal bipolar cell, 

noradrenergic cells of the locus coeruleus, neurons of the ventral telencephalon, 
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autonomic neurons, and neuroendocrine cells of the thyroid and lung (Guillemot et 

al., 1993a).  Despite these loses, areas where Mash1 is expressed have not been 

observed to be grossly disturbed.  For example, it is expressed in a large portion of 

the dorsal neural tube, but the null mutant mouse shows little alteration of the gross 

spinal cord (Guillemot et al., 1993a).  This inconsistency remains to be addressed as 

our understanding of CNS development continues to expand. 

Little is known of the downstream targets of Mash1.  Mash1 binds to the 

classic bHLH binding site, the E-box, which consists of six consecutive nucleotides – 

CANNTG.  This small binding site can be found throughout the genome, but defining 

the site where Mash1 functionally binds has been difficult.  It has been shown to bind 

an E-box in the opsin promoter in retinal progenitor cells, and its expression in those 

cells correlates with the activation of the opsin gene (Ahmad, 1995).  Other potential 

targets include the mammalian Delta genes, homeodomain proteins such as Prox-1 

(Torii et al., 1999) and Phox2a (Hirsch et al., 1998).  Unfortunately, some of these 

studies have not ruled out the possibility that Mash1 trans-actives these genes 

through cascades of other proteins.  As the dorsal interneuron populations have 

been defined, more potential targets of Mash1 have been identified, but those 

remain to be rigorously studied as direct targets of Mash1 activity.  Unfortunately, 

the expression of Mash1 is repressed quickly in the differentiating cell, so we are 

limited in the identification of cells truly derived from those influenced by Mash1 

activity.  To properly narrow the candidate search for downstream targets, I believe 

that it will be beneficial to tag cells that have expressed Mash1 to study their 
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downstream activity and gene expression.  This should weed out the cells that have 

not been influenced by Mash1 activity.  Regardless, the downstream targets of 

Mash1 remain an interesting question. 

For Mash1 to affect its influence on neurogenesis, it must be expressed.  

Mash1 and ac-sc regulation has been studied to determine how proneural genes 

originally get activated and to search for master regulatory elements that may be 

responsible neurogenesis.  The achaete-scute complex is regulated by an area of 

approximately 100 kb in the Drosophila genome (Calleja et al., 2002; Gómez-

Skarmeta et al., 1995; Ruiz-Gomez and Ghysen, 1993; Ruiz-Gomez and Modolell, 

1987).  Individual enhancer regions respond different to positional cues in the fly 

(Gómez-Skarmeta et al., 1995).  Only 36 kb of the Mash1 locus has been studied.  A 

36 kb cosmid was used to drive the lacZ reporter showing expression could be 

driven in most of the endogenous Mash1 areas (Verma-Kurvari et al., 1996).  This 

transgenic reporter showed varied expression from embryo to embryo and lacked 

expression in the olfactory epithelium, retina, sympathetic ganglia and enteric 

nervous system where Mash1 expression is known.  This data suggests that 

regulatory regions exist outside the 36 kb tested or insulating genomic sequence are 

necessary to block positional effects in these transgenes.  Within the 36 kb tested, a 

1.2 kb enhancer 5’ of the Mash1 start codon was found to be sufficient to drive 

reporter expression in CNS patterns similar to the endogenous Mash1 expression 

pattern (Verma-Kurvari et al., 1998). The sequence immediately 3’ from the coding 

region was also shown to play a role in regulating the transgene suggesting that it 
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may influence post-transcriptional control of Mash1 in multiple CNS domains 

(Verma-Kurvari et al., 1998).  Finally, this enhancer was shown to be negatively 

auto-regulated due to its increased expression in the Mash1 null mutant (Meredith 

and Johnson, 2000).  Based on the ac-sc regulatory complex, novel enhancers 

controlling Mash1 expression may be found outside the 36 kb region previously 

tested.  The Drosophila genome is generally more compact than the mouse genome 

suggesting that Mash1 enhancers may be found even further away than in the fly.  

To include a larger section of the mouse genomic Mash1 locus and potentially 

include more enhancers, I have employed bacterial artificial chromosomes to drive 

reporters in a Mash1-like pattern.   

 

NEURAL STEM CELLS 

The nature of the neural stem cell has been a captivating question of 

neuroscience since Golgi first began describing neurons in the late 19th Century.  

Cells in mitosis were originally found apically lining the lumen in the ventricular zone.  

Early characterization data was gathered solely on the basis of morphology.  Using 

his unique preparation, Golgi was the first to describe epithelial cells that extended 

radial fibers from the ventricular surface to the pial surface (Golgi, 1886).  This was 

the first description of radial glia.  They were originally termed ‘spongioblasts’ by His 

who theorized that they did not generate neurons, rather, rounded germinal cells 

also visible in the ventricular zone were the true producers of neurons (His, 1889).  

Magini proposed an alternative theory when he observed varicosities along the 
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filaments of spongioblasts.  He concluded that these varicosities were immature 

nerve cells likely produced by the spongioblasts (Magini, 1888).  The first theory 

became the prevailing wisdom, as Cajal also believed that neuroepithelial cells and 

neuronal progenitors were different cell populations.  

For consistency in this paper, I have defined several terms with more precise 

meanings than are discussed in the literature.  In published literature, stem cell, 

progenitor and precursor seem to be used with very similar definitions.  Here, I 

define a stem cell as a cell in culture that can be shown to self-renew and maintain 

the ability to mitotically divide, but they also can differentiate into all the cell types in 

question when given the appropriate media.  Any reference to neural stem cells 

within an organism refers to cells that have been harvested from a particular area 

and shown in vitro to have these properties.  A progenitor is a cell in vivo that is 

mitotically active and has the ability to self-renew while also possessing the potential 

to become multiple different cell types upon differentiation.  More specifically, a 

neural progenitor can produce all cell types in the nervous system (i.e. neurons, 

astrocytes and oligodendrocytes).  A precursor is a cell in vivo that is mitotically 

active or post-mitotic, but is restricted to a specific cell type.  This precursor is not 

fully differentiated and therefore, can be distinguished from a mature neural cell.  

There have been several restricted precursor types reported including neuron-

restricted precursors (NRP), glial restricted precursors (GRP), motor neuron-

oligodendrocyte precursors (MNOP), oligodendrocyte precursor cells (OPC), and 

astrocytes precursor cells (APC) (Mujtaba et al., 1999; Noble et al., 2004; Rao and 
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Mayer-Proschel, 1997; Richardson et al., 2000).    As more data is produced on the 

nature of these neural stem cells, hopefully a nomenclature will be produced similar 

to that in the hematopoietic system. 

Neural progenitors must divide to generate the cells of the spinal cord.  These 

divisions can occur in two basic methods, symmetrically or asymmetrically.  The type 

of division will determine how the daughter cells will act.  The specific types of cell 

division have been debated in the literature, so for consistency, I have defined 

progenitor division types based on their outcome.  A symmetric non-terminal 

division is the division of a stem cell, progenitor, or precursor that results in two 

equal daughter cells that are identical to the original cell retaining the ability to 

replicate (Figure 1.6a).  A symmetric terminal division is the division of a stem 

cell, progenitor, or precursor that results in two equal daughter cells that both exit the 

cell cycle and begin the differentiation process (Malatesta et al., 2003) (Figure 1.6d).  

An asymmetric restricting division is the division of a stem cell or progenitor that 

results in two unequal daughter cells, one that remains as a progenitor, identical to 

the parent cell retaining mitotic ability while the second adopts a restricted precursor 

phenotype where it has lost multipotent potential (Figure 1.6b).  An asymmetric 

differentiating division is the division of a stem cell or progenitor that results in two 

unequal daughter cells, one that remains as a progenitor, identical to the parent cell 

retaining mitotic ability while the second differentiates into a mature neural cell 

(Figure 1.6c).  With our current knowledge, it appears that all of these types of 

cellular division are necessary to produce the nervous system.  However, the 
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specific types of division may vary spatially and temporally (Gotz and Barde, 2005; 

Malatesta et al., 2003). 

 

In the past decade, the distinction between radial glia cells and neuronal 

progenitors has faded as radial glia have been demonstrated to produce cortical 

neurons (Malatesta et al., 2000; Miyata et al., 2001; Noctor et al., 2001; Tamamaki 

et al., 2001).  Recent studies have reported that all neural cells are produced from 

BLBP expressing, radial glia-type progenitors at some time during their lineage 

progression (Anthony et al., 2004).  However, this study is still controversial because 

the BLBP promoter fragment used to trace cells appears active earlier than the 

appearance of radial glia (Gotz and Barde, 2005).  Time-lapse imaging of radial glia 

in the embryonic cortex has clearly shown that these cells can divide asymmetrically 

producing a daughter cell that looses the radial nature and migrates along the radial 

daughter out of the germinal zone (Miyata et al., 2001; Noctor et al., 2001).  Based 

on retroviral gene transfection of radial glia in cortical slice culture, radial glia may 

also produce intermediate amplifying neuronal progenitors an increase in clone size 

beyond what could be accounted for my asymmetric division alone (Noctor et al., 

2001) (Figure 1.6e and 1.6f).  Intermediate amplifying cells may provide a 

convenient way to increase the number of neural cells produced without overtaxing 

radial glial progenitors.  Based on this and other data, there seems to be a 

progressive restriction of cell fate in the progenitors that carries over to the final 

restriction of neural cells as they terminally differentiate.   
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The total time span of the average cell cycle in the VZ lengthens from the 

onset of neurogenesis to its completion.  At the onset of neurogenesis, the total 

length of the cell cycle (Tc) is about 8 hours, with an S phase of approximately 3 

hours, G2 + M of 2 hours and G1 of 3 hours (Caviness et al., 1995; Takahashi et al., 

1995).  By the end of major neurogenesis, average Tc reaches 18 hours due mainly 

to an increase in G1 to approximately 12-13 hours while S and G2 + M stay 

relatively the same at 3-4 hours and 2 hours, respectively (Takahashi et al., 1995).  

Models of the occurrence of the types of cell division suggest that symmetric non-

terminal divisions initially expand the neural tissue followed by a period of 

asymmetric division to produce neurons (Fig 1.6, symmetric non-terminal 

amplification, Panel A, is not specifically diagramed in Panel E and F, but implied).  

Finally, symmetric terminal divisions increase as the neural progenitor pool is 

depleted (Cai et al., 2002).  These periods are not exclusive as all three types of cell 

divisions can be observed together.  However, this is a common trend to proceed 

from non-terminal divisions through asymmetric to end in symmetric terminal 

divisions (Cai et al., 2002).     

Some neural progenitor cells remain in defined pockets of the CNS well into 

adulthood.  The major areas in the CNS are the subventricular zone (SVZ) and the 

dentate gyrus of the hippocampus.  In addition, some stem cells have been found in 

areas such as the central canal of the spinal cord.  The SVZ produces new cells 

throughout life that migrate through the rostral migratory stream to supply the 

olfactory bulb with nascent neurons and glia (Parras et al., 2004; Parras et al., 
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2002).  Mash1 is necessary for the production some of the neurons and 

oligodendrocytes by the SVZ (Parras et al., 2004; Parras et al., 2002).  Progenitors 

proceed in a stereotyped manner from stem cell to neuroblast and transit amplifying 

cell to the final differentiated neuron as they leave the SVZ and arrive in the olfactory 

bulb (Parras et al., 2004).  The dentate gyrus produces new neurons that populate 

the hippocampus and seem to be involved in memory production (Li and Pleasure, 

2005; Pleasure et al., 2000).  These adult progenitors appear to use some of the 

same mechanisms as embryonic progenitors, however their activity is more limited.   

Research appears to be more precisely defining the neural lineage tree.  

However, questions still remain about the precise steps of different cells during 

development and what molecular mechanisms direct these steps.  To gain a better 

understanding these processes, better techniques and tools are being generated to 

address pointed questions elucidating the nature of these cells.  As described below, 

I have produced data surrounding neural progenitors expressing Mash1 to refine our 

understanding neural differentiation. 

 

GLIOGENESIS IN THE SPINAL CORD 

The progenitor of the spinal neural tube must produce two intrinsic cell types, 

astrocytes and oligodendrocytes. In general, gliogenesis follows neurogenesis 

although the beginning of gliogenesis can overlap with the end of neurogenesis 

(Figure 1.3f-h). The production of glial precursors has been seen as early as E12.5 

expression of PDGF-Ra a marker of oligodendrocyte precursor cells (OPC)  (Timsit 
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et al., 1995).  The production of these cells increases at E17.5 when the first 

differentiated glia start to appear (Timsit et al., 1995).  With almost all spinal 

neurogenesis completed by E14.5 in the mouse, only gliogenesis remains after this 

time.  Glia are initially derived from the ventricular zone as originally observed by 

labeling mitotic cells with tritiated-thymidine (Figure 1.3I) (Altman, 2001).  After 

E15.5, mitotically active cells can be seen in the peripheral spinal cord, gray and 

white matter, suggesting that precursor cells leaving the VZ continue to produce 

additional glia in positions local to their final migration (Figure 1.3) (Altman, 2001).  

Even though these cells continue to divide locally, it is likely that they are specified in 

the VZ.  Astrocytes appear to be the final cell-type produced in the neural tube and 

are mostly derived from radial glia that terminally differentiate although their 

differentiation remains the least clear (Voigt, 1989).  In the past decade, many new 

studies of gliogenesis have provided new insights to our understanding of 

gliogenesis. 

The production of glial cells seems to involve a heterogeneous population of 

progenitors located in foci along the dorso-ventral axis of the neural tube.  Early 

studies to identify the VZ origin of oligodendrocytes observed specific loci in the 

ventral neuroepithelium dependent on Shh expression (Miller, 2002; Richardson et 

al., 2000; Spassky et al., 2000).  More recently, dorsal foci of oligodendrocyte 

production have been found (Cai et al., 2005; Vallstedt et al., 2005).  The pMN 

domain in the ventral, which VZ expressing Nkx6 and Olig1/2 transcription factors, 

has been observed to first produce motorneurons followed by oligodendrocyte 
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precursor cells that later migrate throughout the spinal cord and differentiate into 

myelinating oligodendrocytes (Fu et al., 2002; Mizuguchi et al., 2001; Novitch et al., 

2001; Richardson et al., 1997; Sun et al., 1998).  The disruption of the Olig1 and 

Olig2 transcription factors lead to the loss of both motorneurons and 

oligodendrocytes (Lu et al., 2002; Takebayashi et al., 2002; Zhou and Anderson, 

2002) leading many to suspect the existence of motorneuron-oligodendrocyte 

restricted precursors (MNOP).  Other studies have provided evidence for glial 

restricted precursors (GRP) that can only produce astrocytes and oligodendrocytes 

(Gregori et al., 2002; Rao et al., 1998).  In addition, individual oligodendrocyte 

precursor cells (OPC) and more recently astrocytes precursor cells (APC) have been 

identified (Alfei et al., 1999; Liu and Rao, 2004; Lu et al., 2002; Raff et al., 1983).  An 

additional confounding factor is that astrocytes and oligodendrocytes are probably 

not uniform populations.  All of these cells must fall on a complex lineage tree and 

may be simply different steps in the progression of the original neuroepithelium to 

the differentiated neural cells.  To better understand the lineage progression of glial 

progenitors, I believe that it will be necessary to produce refined lineage tracing tools 

that can dissect this tree based on cellular and molecular mechanisms.   

 

EXPERIMENTAL OVERVIEW 

To address questions of progenitor actions in the mammalian spinal neural 

tube, I employed and developed several techniques.  First, to make a better reporter 

system, I identified novel BAC’s containing the Mash1 locus.  Using these BAC’s, I 
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created reporter constructs using a homologous recombination in bacteria using a 

procedure adapted from one developed by Heintz, et al (Yang et al., 1997).  Using 

these modified BAC’s, stable mouse transgenic reporters lines were made, with the 

help of Adil Omer Abdalla.  Initially, I characterized these lines during neurogenesis 

in both wild-type and Mash1 mutant backgrounds.  To address how Mash1 functions 

to produce the neural lineages in the mature spinal cord, I characterized these 

reporters in the late embryonic and adult spinal cord using double label 

immunoflourescence and histology.  The resulting data provides a refined view of 

how Mash1 specifies neuronal lineages and a novel role for Mash1 in 

oligodendrogenesis that has only recently been appreciated (Parras et al., 2004). 
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FIGURES 

 

Figure 1.1: The Cytoarchitecture of the Spinal Cord and Major Laminar 

Organization 

The diagram of cross-sections through the rat spinal cord shows the 

gray and white matter anatomy at cervical (C), thoracic (T), lumbar (L) 

and sacral (S) levels (A, adapted from (Paxinos, 1985)).  Numbers 1-10 

or I-X show the position of the Rexed Lamina (A).  (B) Cervical level of 

the cat spinal cord, Rexed Lamina can be distinguished on cross-section 

(B, adapted from (Rexed, 1952; Rexed, 1954)).  These lamina vary only 

slightly in the rodent spinal cord as seen in this diagram of the 6th 

cervical cross-section (C), (adapted from (Steiner and Turner, 1972)).   
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 Figure 1.2: Morphological Changes During Neurogenesis 

In the mammal, the neural plate is present directly following neurulation 

as a sheet of uniform cells in a pseudostratified epithelium (Neural 

Plate).  The notochord induces this plate to fold by secreting Sonic 

Hedgehog (Shh).  The sheet closes into the neural tube while cells in the 

border region become neural crest (NC) and migrate into the periphery.  

Finally, differentiation continues as the spinal cord progresses to 

maturity.  (Adapted from (Jessell et al., 1989)) 

Abbrev: DRG – dorsal root ganglion, BMP – bone morphogenetic 

protein, ECT - ectoderm, NP – Neural Plate, NF – Neural Fold, NC – 

Neural Crest, N – notochord, S – somite, P - projection neuron, C – 

commissural interneuron, DI – dorsal interneuron, VI – ventral 

interneuron, M – motor neuron, F – floor plate, R – roof plate   

 

 



Figure 1.2:  Morphological Changes During Neuogenesis

Neural Tube

NC

N

F

R

Neural Plate

ECT

N S

NP

Neural Fold

ECT

N S

NF

N

Developing
Spinal Cord

R

F

P
C
DI
VI
M

DRG

Mature
Spinal Cord



30 

 

Figure 1.3: Mitotic Labeling of Cells During Neurogenesis and Gliogenesis 

Tritated-Thymidine (TT) injections were used to label cells undergoing 

mitotis at different embryonic time points in the rat.  Cells labeled with TT 

appear dark here. Two pulse-harvest methods were used: (1) rats were 

injected at different embryonic stages (E11 to E17) and all rats were 

harvested at E21.  This traces the birth of cells from their embryonic 

origin into the mature spinal cord (A-F, common harvest time).  (2) Rats 

were injected at different embryonic stages and harvested 2 hours after 

injection.  This traces the mitotically active cells during embryogenesis.  

(Note: the embryonic day in a rat is approximately 1.5 to 2 older 

compared to the mouse).  During neurogenesis (A-F), neurons are 

generally produced in a ventral-first (A), dorsal-last (B) pattern.  The 

black line outlines the gray matter.  The red line outlines the absence of 

cells seen to expand from ventral to dorsal gray matter as time 

progresses.  This provides evidence that neurons are born early in the 

ventral regions, but later, neuron production is restricted to dorsal 

regions.  During gliogenesis (G-L), mitotically active cells can be seen 

outside the remaining ventricular zone as early as E15 (G).  The red 

arrows indicate the direction of movement of labeled cells.  Because 

neurogenesis is largely complete, these mitotically active cells are 

mainly glia (G-L).  Glia or glial restricted precursors are initially produced 
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in the ventricular zone then migrate out (G). (Adapted from (Altman, 

2001)) 
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Figure 1.4: Lateral Inhibition Directed by Notch-Delta Signaling 

Initially, Notch signaling is similar between cells in the ectoderm of 

Drosophila (A).  Slight imbalances in notch signaling and the expression 

of  achaete-scute proteins are thought to begin distinguishing these cells 

(B).  The cell with the slightly higher level of notch activity amplifies this 

signal and represses the achaete-scute proteins fating the cell to 

become a support cell (C).  This repression is transduced through 

Suppressor of Hairless and Enhancer of Split proteins.  The cell with 

slightly higher expression of the achaete-scute proteins is biased toward 

the neuronal precursor fate (C).  (Adapted from (Jessell and Sanes, 

2000)) 
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Figure 1.5: Expression Pattern of Mash1 mRNA  

In situ hybridization was used to identify Mash1 expression in the E11.5 

mouse embryo.  (A) On sagittal section, Mash1 is expressed in the 

ventral telecephalon (ventral to the lv), and the ganglionic eminence.  It 

is not expressed the dorsal telecephalon or cerebral cortex (cc).  

Expression it seen in parts of the diencephalon (di) while strong 

expression is seen in the mesencephalon.  Expression can be seen on 

the ventral portion of the metencephalon and in the myelcephalon (my) 

(Verma-Kurvari et al., 1996).  (B) This is a cross-section of an E11.5 

neural tube at the upper limb level of the developing spinal cord.  

Expression is seen in a large dorsal domain and in a small ventral 

domain.  Abbrev: lv – lateral ventricle, cc – cerebral cortex, ge – 

ganglionic eminence, di – diencephalons, oe – olfactory epithelium, mes 

– mesencephalon, my – myelencephalon, III – third ventricle, IV – fourth 

ventricle.   

 

 

 



Figure 1.5:  Expression Pattern of 
Mash1 mRNA

A B



37 

 

Figure 1.6: Possible Lineage Traces of Neural Progenitors 

Single cell divisions of progenitors are defined by the identity of their 

daughter cells.  Identical reproduction of the parent is a symmetrical non-

terminal division (A).  Production of one restricted precursor results from 

an asymmetric restricting division (B).  The production of one neuron 

results from an asymmetric differentiating type of division (C) while the 

production of two neurons results from a symmetric terminal division (D).  

Two possible lineage trees for neural progenitors have been proposed 

(E & F) (Noctor, 2002).  First, progenitors mainly divide asymmetrically to 

produce neural cells before finally terminating in the production of an 

astrocytes (E).  Second, progenitors divide asymmetrically to produce 

restricted precursors that then divide symmetrically to produce maturing 

neural cells (F).  In reality, a combination of the two lineage trees 

probably exists and may vary from cell to cell.  Abbrev: P – progenitor, 

RP – restricted precursor, NRP – neuron restricted precursor, OPC – 

oligodendrocyte precursor cell, APC – astrocytes precursor cell, N – 

neuron, O – oligodendrocyte, A – astrocytes.   
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Figure 1.7: Progenitor and Interneuron Populations in the Dorsal Neural Tube. 

The neurons produced during neurogenesis in the neural tube have been 

classified into eight populations based on their expression of homeodomain 

factors and location within the developing mantle zone (compiled work, Gross 

et al, 2002, Muller et al, 2002, Lee et al 2000, Gowan et al, 2001, Brown, 

1981, Qian et al, 2002, Chen et al, 2001).  (A) Diagram of a neural tube 

showing the gross organization and migration of cells in the dorsal neural 

tube.  Progenitors in the ventricular zone are represented by dP_ (dorsal 

progenitor).  Differentiating neuron populations are represented by dI_ (dorsal 

interneuron).  (B) Detailed diagram outlining the expression of specific factors 

in each dorsal population.  The final location and fate of these cells is outlined 

as current data suggests, but some of the evidence is tenuous at best.  This 

provides an outline to connect neurons as they are born to their adult state. 

(Helms and Johnson, 2003) 

 

 

 



Figure 1.7: Progenitor and Interneuron populations in the dorsal neural tube.
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CHAPTER 2 
Materials and Methods 

 
 

OVERVIEW: BACTERIAL ARTIFICIAL CHROMOSOMES 

 Traditional plasmids rarely exceed 10,000 base pair of DNA, yet our interest 

in the genomic regions controlling gene expression has grown such that we seek to 

examine larger and larger regions.  To assess the characteristics and functions of 

these larger regions several new tools have been developed.  One in particular is 

the Bacterial Artificial Chromosome (BAC).  They contain an average of 190 

kilobases (kb) of DNA that is maintained by a generic backbone of DNA that allows it 

to replicate in E. coli as an artificial chromosome.  These plasmids are vastly larger 

than normal plasmids which allows for the characterization of much larger regions of 

the genome.  They are more stable than other large construct plasmids.  For 

example, the Yeast Artificial Chromosome (YAC) which maintains more DNA on 

average, yet they are much more susceptible to random recombination events and 

are more fragile than BACs.  The ease of manipulation of the BAC compared to the 

YAC also makes the BAC an appealing choice.  In practice, BAC reporters appear to 

more faithfully recapitulate gene expression than smaller plasmids.  Their expression 

is less dependent on position, probably due to large regions of insulating DNA, and 

their expression appear to be copy number dependent in a linear fashion.  In all, 

41 



42 

BACs appear to be a good choice for the use of large genomic regions to report the 

expression of specific genes. 

The Roswell Park Bacterial Artificial Chromosome (BAC) library was 

screened to identify clones that contained the Mash1 protein coding region.  RPCI-

428P21 was chosen for further study.  It contains a genomic insert of 305 kb with 98 

kb 5’ and 206 kb 3’ of the Mash1 translation start codon (Figure 3.1).  The Mash1 

coding region was precisely replaced by EGFP (Clontech) and CRE separated by an 

IRES using homologous recombination in bacteria (Yang et al., 1997).  The resultant 

modified BAC named M1-GIC was verified by Southern blot.  The basic procedures 

used for these manipulations are detailed in the following sections. 
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BAC HANDLING:  OPTIMIZATION OF BASIC PROCEDURES FOR 
CHARACTERIZATION 

 
Given the size of the BAC plasmids, there are important technical 

considerations. To optimally handle these BAC plasmids, I modified or developed 

specific technical protocols including growth in bacterial cultures, purification of intact 

DNA, PCR amplification of specific parts, analysis by digestion and Southern blot, 

and analysis by sequencing.  Each of these normal molecular biology procedures 

had to be optimized to consistently manipulate the BACs in question.   

The backbone of the RPCI BAC contains the chloramphenicol resistance 

gene.  The BAC clones grew efficiently in both liquid and solid medium in normal LB 

medium with chloramphenicol at a final concentration of 10 ug/ml.   

Purification of BAC DNA from bacterial stock was more difficult to optimize 

due to the large structure of the BAC.  A mini-preparation protocol was obtained 

from the BACPAC website, but this only provides a small, limited about of DNA.  

Several large-scale methods were attempted, including Qiagen Midi-Prep, Cesium-

Chloride Gradient, Qiagen BAC Specific Preparation.  None of the protocols alone 

produced a consistent quality of intact DNA or a consistent quantity of DNA.  The 

use of large bore tips and the use of ice as much as possible improved the quality of 

BAC DNA purified.  An additional 100% ethanol wash was added to remove any 

excess isopropanol which was contaminating the final preps.  Finally a modified 
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version of the Qiagen Midi-Prep was established which produced both the quality 

and quantity of DNA necessary for proper characterization of the BACs.   
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LIBRARY SCREENING (HYBRIDIZATION OF PLATES FROM RPCI) 

Hybridization of filters can be performed in either rotisserie bottles or heat-

seal bags.  I used heat sealed bags, but the lab no longer has access to those 

materials, so long rotisserie bottle can be used.  I hybridized up to 5 filters in one 

bag.  According to bacpac.chori.org, the filters have been successfully hybridized 

using a number of different published "Southern" DNA hybridization protocols 

incorporating a variety of buffer systems.  Many established protocols will work with 

the high density filters.  The routine procedure is as follows. 

 

Hybridization 

1. Wet filters in minimum volume of "Church Buffer" in large Petri dish.   Keep track 

of volume of buffer absorbed into the filters as this will contribute to your overall 

volume.  If using bottles, place nylon mesh between filters as you wet them. 

2. Place filters in bottle or bag, add approx. 25ml additional "Church Buffer" and 

seal. 

3. Pre-hybridize one hour at 65˚ C. 

4. Add labeled probe(s) so that the total cpm of each probe is 1X106 to 11X107.   I 

routinely label probes by random prime labeling.  PCR incorporation also works 

well for smaller (>100-200bp) probes and produces higher counts. 

5. Hybridize overnight (16-18 hours) at 65o C. 
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6. Wash filters (in bag or bottle) with Wash I solution at 65o C.  Repeat wash about 

4 to 6 times until most of the non-bound probe is removed.  At this point the filters 

can continue to be washed in the bag or bottle or placed in a large tray in a 65˚ C 

water bath for more efficient washing. 

7. Wash filters with Wash II solution repeatedly at 65˚ C until the level of cpm 

(monitored with a Geiger counter) removed remains constant (no longer 

decreases). 

8. Rinse filters in water and wrap individually in plastic wrap.  Take care to remove 

air bubbles between filter and wrap by pressing with a wipe to force out air. 

9. Place two filters in a large cassette (35x43cm), there will be a small overlap of 

filters but this normally is not a problem in interpreting data.  Place two filters per 

cassette to maximize film use.  Alternatives to film may also be used. 

10. Expose for 2 to 72 hours at -80˚ C.  This depends on the intensity of signal from 

filters.  It is best to develop one piece of film after 4-5 hours exposure to 

determine the optimum exposure time required for all of the filters. 

11. Interpret the position of the positive clones following the protocol supplied with 

the filters using the transparent overlay as an orientation guide. 

12. Store the used filters in a sealed hybridization or zip-lock bag in "Church Buffer" 

to keep them wet.  Allow the radioactivity to decay out for 2-4 half lives before 

using again.  Stripping of the filters is not recommended as smearing of the DNA 

may result and the overall life of the filters may also be diminished. 
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Blocking: 

   To block the nonspecific binding of probes by adding an equal volume of sonicated 

human placental DNA (10mg/ml) to our probe solution, incubate one hour at 65o C 

before adding the probe to the hybridization bag/bottle.  Alternatively, the sonicated 

human placental DNA can be added during the pre-hybridization to the bag/bottle at 

a level of 100-200 ug/ml of hybridization solution. 

Solutions: 

Church Buffer -- 1 Liter 

BSA 10 gm 
0.5 M EDTA 2 ml 
1 M NaHPO4 (pH: 7.2) 500 ml 
20% SDS 350 ml 
H2O to 1 liter 
 
 
Wash I -- 2 Liters 

BSA 10 gm 
0.5 M EDTA 2 ml 
1 M NaHPO4 (pH: 7.2) 80 ml 
20% SDS 500 ml 
H2O to 2 liter 
 
Wash II -- 2 Liters 

0.5 M EDTA 8 ml 
1 M NaHPO4 (pH: 7.2) 160 ml 
20% SDS 200 ml 
H2O to 4 liter 
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IN SILICO BAC ANALYSIS WITH THE CELERA DATABASE 

 The complete sequencing of the mouse genome and the development of 

software to analyze the data allows for the acquisition of BAC information quicker 

than past methods.  With a complete sequence of the BAC, you can know the 

precise location of the target region in the BAC and plan your experiments 

accordingly.  While the mouse genome may be “complete” by some criteria, it is not 

error free.  It contains multiple expanses of unknown nucleotides with unknown 

lengths.  This warrants that we empirically test the BACs, but the genomic data 

helps to refine those tests.  In order to utilize the mouse genomic data, I used the 

Celera database to characterize the BACs identified by library screening.  In 

addition, the Celera database also has BACs aligned with the genome which I used 

to identify additional BACs containing the Mash1 locus.  The Celera interface seems 

to continually change, so this method is a general idea of what to do to characterize 

BACs.  It will be necessary to adapt this method to the database program that you 

are using.  Celera may be accessed at www.celera.com.  However, you must have 

an account with the company, and not all departments on campus have that. 

 

1. Search the database for the BAC sequence.  There are multiple methods of 

searching the Celera database of which the most appropriate here are: by 

gene name, by BAC, or by sequence.  The goal would be to obtain the 

complete DNA sequence for the BAC you are studying.   

 
 

http://www.celera.com
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2. Search database by gene name.  This should quickly take you to the gene 

locus that you desire.  On Celera, you would then widen the viewing field to 

see the BACs surrounding the locus.  It may be possible to identify your 

BAC of interest or other BACs that surround the locus.  Regardless, there 

should be information of the surrounding locus that you can retrieve. 

3. Search database by BAC number.  This would be the most direct method if 

their database contained your specific BAC.  It does work since Celera has 

a BAC database, but not all BACs are registered or aligned.  If you can find 

the BAC of interest, download the sequence data. 

4. Search database by sequence.  You can either search the database for 

your gene’s sequence or for any sequence in the BAC that you know of.  

Another database for BACs contains the sequence for the end fragment of 

the inserted genomic region, 

http://www.tigr.org/tdb/bac_ends/mouse/bac_end_intro.html.  I searched this 

site and obtained the SP6 and T7 end sequences for both RPCI-23-330J7 

and RPCI-23-428P21.  Using these sequences, I searched the mouse 

genome to find where they were in comparison to the Mash1 locus.   

5. Obtain the sequence, place it in a DNA analysis program, and perform the 

necessary manipulations to obtain the information that you need. 

 

 
 

http://www.tigr.org/tdb/bac_ends/mouse/bac_end_intro.html
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PREPARATION OF BAC DNA BY MINIPREP 

 This is a rapid alkaline lysis miniprep method for isolating DNA from large 

BAC clones.  It is a modification of a standard Qiagen-Tip method that uses no 

organic extractions or columns.  The method works very well for doing analytical 

restriction digests of BAC clones and can be scaled up if necessary. 

 

Solutions: 

P1 – (filter sterilized, 4º C storage) 

 15 Mm Tris, pH 8.0 

 10 mM EDTA 

 100 ug/ml RNase A 

P2 – (filter sterilized, Room Temp) 

 0.2 N NaOH 

 1% SDS 

P3 (autoclaved, 4º C storage, but really needs to be fresh) 

 3 M KOAc, pH 5.5 

 

Method: 

1.  Using a sterile toothpick, inoculate a single isolated bacterial colony into 2 ml LB 

(or TB) media supplemented with 12.5 ug/ml chloramphenicol.  Use a 12-15 ml snap 
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cap polypropylene tube.  Incubate overnight (up to 16 hr) shaking at 225-300 rpm at 

37º C. 

2.  Remove toothpicks using forceps.  Centrifuge (in Sorvall SM24 or similar rotor) at 

3,000 rpm for 10 min. Temperature is not critical at this point, but it works well to 

keep at 4º C).  Alternative, that works well – Add 1 ml to 1.5 ml eppendorf tubes, 

spin at max rpm for 1 min, add second 1 ml, spin at max again, all at 4º C. 

3.  Discard supernatants.  Resuspend (vortex) each pellet in 0.3 ml P1 solution.   

4.  Add 0.3 ml of P2 solution and gently shake tube to mix contents.  Allow to sit at 

room temperature for no more than 5 minutes.  The suspension should change from 

very turbid to almost translucent. 

5.  Slowly add 0.3 ml P3 solution to each tube and gently shake during addition.  A 

thick white precipitate of protein and E. coli DNA will form.  After adding P3 to every 

tube, place tubes on ice for at least 5 min, 20 min is better. 

6.  Centrifuge tubes at 10,000 g for 10 min at 4º C.  (Although, in a microcentrofuge, 

max for 10 minutes seems to work well). 

7.  Using P1000 with a cut tip (i.e. it has a wide bore), transfer to 1.5 ml eppendorf 

tube with 0.8 mL ice-cold isopropanol.  Try to avoid any white precipitate material.  

Mix by inverting.  Place tubes on ice for at least 5 min.  Samples can be left 

overnight at -20º C.  Longer is better for precipitation, but no extra DNA is 

precipitated after over night incubation. 

8.  Spin in 4º C microfuge for 15 min. 
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9.  Remove supernatant and add 0.5 ml of 100% EtOH to each tube.  Invert tubes 

several times to dissolve excess isopropanal, Spin in 4º C microfuge to 5 min. 

10.  Remove supernatant and add 0.5 ml of 70% EtOH to each tube.  Invert tubes 

several times to dissolve excess salt, Spin in 4º C microfuge to 5 min. 

11.  Remove as much of supernatant as possible.  Careful, some pellets may 

become dislodged.  Use pipet, not vacuum.  

12.  Air dry pellets at room temp.  When DNA pellet changes from white to 

translucent and ethanol smell is absent, resuspend in 40 ul of H20 (purified).  Do not 

use normal narrow bore tips to mechanically resuspend DNA.  Rather allow sample 

to sit in tube with occasional tapping.  At room temp., resuspension may take more 

than 1 hour.  If the sample can be kept overnight, they will resuspend better.   

13.  Store at 4º C.  The BAC DNA may not be stable for more than 4-7 days.  So, 

fresh prep’s are necessary.  

14.  Use 5 ul for digestion with NcoI, Not I or other restriction enzyme.  There are 

NotI sites flanking the Sp6 and T7 promoter regions of the CYPAC2 vector; and 

therefore, this is a useful enzyme for analysis of insert size and for partial digest 

restriction mapping.  Use 7-10 ul for digest with a more frequent cutter such as 

BamHI or EcoRI.  Constructs Mash1-GIC and Mash1-CreERTM contain a novel 

NcoI site at the ATG of Mash1, such that Nco1 provides a nice change in restriction 

pattern between wild-type and modified BAC.  Such restriction sites are helpful in 

general to identify differences in BAC preparations. 

(Modified from http://bacpac.chori.org/bacpacmini.htm) 

 
 

http://bacpac.chori.org/bacpacmini.htm
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PURIFICATION OF BAC DNA BY MODIFIED MIDIPREP 

This purification method can be used to generate a larger amount of BAC 

DNA at a higher purity than the MiniPrep above.  The DNA can be used for 

characterization (digestion, PCR, etc.) or for pronuclear injection to establish new 

transgenic lines.   

 

Preparation of Solutions/Materials: 
Materials Solutions 

1mL of 20 mg/mL chloramphenicol 

(chl) to 1L LB media  20 ug/mL of chl 

ice bucket (for DNA prep) 
6 sets of 2 mL-eppendorf tubes (or, 8 of 1.5 ml) 
3 sets of large centrifuge tubes 
1 set 12 mL culture tubes 
1 set Qiagen columns (tip-100) 

 

Qiagen Buffers: 
P1  
P2 lysis 
P3 neutralization 
QBT equilibration 
QC wash 
QF elution 

Isopropanol 
 70% Ethanol 

100% Ethanol 

 
Starter Culture (Day 1): 
Purpose: Get bacteria to log growth state. 

Directions Comments/Tricks 
1.   Add 5mL LB + chloramphenicol into tube. Flame when opening and closing tubes. 
2. Inoculate with 2uL of BAC culture or touch BAC 

colonies. 
Flick tube or pipet to mix. 

3.  Incubate at 370C overnight on shaker (250RPM).  
 
Glycerol Stock Culture (Day 2): 
Purpose: Backup cultures for later use. 

Directions Comments/Tricks 
1.   Add 500uL of starter culture to tube.  
2.   Add 500uL of 100% glycerol (autoclaved).  
3.   Vortex and store in –800C freezer.  

 
Large BAC Cultures (Day 2 & 3): 
Purpose: Maintains bacterial growth at log state. 

Directions Comments/Tricks 
1.   Add 100mL of LB+Chl to 500mL flask (or 50mL to 

250mL flask). 
Flame when opening and closing tubes. 

2.   Add 1mL starter culture to 500mL flask (or 0.5mL 
to 250 flask). 

Swirl flask or pipet to mix. 

3.  Incubate at 370C overnight on shaker (250RPM).  
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BAC DNA Isolation (Day 4 & 5): 
Purpose: Isolates BAC DNA 

Directions Comments/Tricks 
1.   Pour 100mL culture into large centrifuge tubes and 

spin at 6000Xg for 10 minutes at 40C.  While 
waiting place QF buffer at 650C water bath and 
clean flasks.   

Be sure to convert to RPM. (Sorvall = 6000RPM) 

2.   Pour off supernatant. Dispose of supernatant down sink. 
3.   Add 20mL of chilled P1 buffer.  Let sit on ice for 5 

min to ease resuspension (optional).  Then vortex 
until no clumps remain.   

Important to check on RNase. (50mg for 500mL P1 
buffer) 
Keep Vortexing to minimum.  Can swirl whole ice 
bucket on orbital shaker. 
 
 

4.   Add 20mL P2 buffer, invert 6 times and incubate for 
~90 seconds (less time is better than more time) at 
rm temp. 

Before commencing, loosen all caps and place caps on 
table in front of each tube.  While adding P2 in next tube 
invert 1st tube.  Continue to add solution to next tube 
while inverting previous tube.   
Additional time seems to degrade BAC DNA. 

5.   Add 20mL chilled P3 buffer and invert 6 times and 
incubate on ice for 20 minutes.   

Same trick as above.  While waiting, may need to 
change rotors on centrifuge. 

6.   Centrifuge at 11,000RPM for 30 min at 40C.  While 
waiting, equilibrate the columns with 7mL QBT 
buffer. 

Use normal gravity flow.  Place over bucket to collect 
waste.  Try not to move column during its use. 

7.   Transfer supernatant to new tubes.  Place sterile 
gauze on top of the new tube and pass the 
supernatant through the gauze.  Use P1000 tips to 
squeeze out any excess supernatant trapped in 
gauze.      

Be sure to use new pair of gloves when touching the 
gauze.  The gauze prevents debris from passing into the 
new tubes.  
Clean cheese cloth may be used in substitute of gauze 
with same precautions. 

8.   Centrifuge new tubes at 11,000RPM for 15 min at 
40C. (Optional) 

Not necessary if there is no debris in the new tube. 

9.    Transfer supernatant to columns, and wash columns 
with 10mL QC buffer 4 times. 

If column flow slows badly, a vacuum can be applied 
sparingly to increase flow rate. 

10.  Elute DNA with 7mL warmed QF buffer (650C).  
Collect in fresh conical tube. 

Add 1mL of QF buffer at a time such that QF is at 65oC. 
High temperature helps the DNA elute from the column. 

11.  Precipitate DNA by adding 0.7 x volume (ie 
~4.9mL) rm temp isopropanol to eluted DNA and 
invert tubes 6 times. 

Use 50mL conical tube. 

12.  Aliquot ~2mL into each 2mL-eppendorf tube (6 
tubes/column).  Incubate tubes overnight at –20oC 
freezer. 

It’s easier to see the pellets when it is transferred to 
eppendorf tubes.  You can use 1.5 ml eppy’s as well, and 
they seem to be stronger tubes.   

13.  Then centrifuge >15,000xg (Max speed for tabletop 
centrifuge) for 30 minutes at 40C.  Pour or pipet off 
isopropanol. 

After spinning, it is important to watch the white/clear 
pellet since isopropanol causes the pellet to loosen.  
Optional (but helpful): After removing isopropanol, add 
1 ml 100% ethanol, mix well and spin>15000xg for 10 
minutes 40 C, then remove ethanol and proceed with step 
14. (This removes all traces of isopropanol).  

14.  Wash DNA pellet with 1.5mL of rm temp 70% 
ethanol.  Spin at >15,000xg for 10 minutes at 40 C.  
Use pipet to remove as much ethanol as possible. 

Leave one small drop remaining and leave caps open.  If 
pellet becomes too dry, it will be difficult to resuspend.  
Do not use speed vac. 
 

15.  Add ~30-25uL H2O (depends on pellet size) to each If pellet becomes difficult to resuspend, leave in warm 
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tube to resuspend pellet.  Recombine 6 tubes into 1 
tube. 

rm overnight on rocker.  Combine tubes by adding them 
serially from first tube to last tube.  If using 8 1.5 ml 
tubes, use approx. 20 ul H2O per tube.  Use highly 
purified water. 

 
BAC DNA Concentration (Day 5 or 6): 
Purpose: Determines concentration of DNA 

Directions Comments/Tricks 
1.   Make a 1:50 dilution of sample. Total volume needs to be ~50uL. 
2.   Make a blank.  
3.   Measure concentration. Be sure liquid level in cuvette is flat and that repeat 

measurements are taken. 
 
 
 
 
 
Meaning of Data: 

A260 measures DNA and RNA. 
A280 measures protein. 
A320 measures particulates in solutions and dirty cuvettes. 
 (A260 –A320)/(A280-A320) Ratio (260:280 Ratio) 
 1.8~1.9  high purity 
 >2.0  RNA contamination 
 <1.7  protein contamination 

Calculations: 
 DNA Concentration = (A260) x (dilution factor) x (50 ug/mL) = µg/mL or ng/uL 
 Note: 50 µg/mL = 1 A 
 Ideally want concentration between 100-400 ng/uL 
 For PCR, dilute DNA to 100pg/uL. 
 
 
 

BAC DNA Pronuclear Injection (Day 6 or 7): 
Purpose: To make BAC-transgenic mice.  

 
1. Your prep should have a concentration of at least 

100ng/ul, perform a diagnostic digest to make sure 
the BAC has not been degraded. When you measure 
your concentration make sure you look at the range 
of values for Abs vs. Wavelength. The line on this 
graph should be in S shape.  

You should provide your BAC at a concentration of at 
least 60ng/ul, although 100ng/ul and above are optimal 
concentrations. For injection, request your facility injects 
between 0.3ng/ul to 3ng/ul as this range of 
concentrations have been shown to work. Higher 
concentrations are more toxic. If your transgenic facility 
has experience with BAC’s then go with their 
recommendations unless those do not work. 
Injection Butter: 
10 mM Tris-HCl pH 7.5, 0.1 mM EDTA and 100 mM 
NaCl 

[Protocol has been modified from original Qiagen Midi-Prep.] 
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PCR ANALYSIS 

1. Purify BAC DNA by either MiniPrep or MidiPrep described above. 

2. Use approximately 50 -100 ng for PCR reaction.  To trouble shoot, this 

amount can be increased or decreased.  Also, the Expand Long-Template 

Taq from Qiagen produced the best and most consistent results for PCR off 

of BACs. 

3. Mix all ingredients on ice and hot start the PCR machine. 

4. Reaction mix: 

1. DNA template  1.0 ul 
2. 10x Qiagen buffer 4.0 ul 
3.  dNTP 2.0 ul 
4. Primer 1 3.0 ul 
5. Primer 2 3.0 ul 
6. Taq Pol. 1.0 ul 
7. H20 26.0 ul 

5. PCR machine program (binding temperatures will depend on primers used) 

1. Hot Start, 94˚ C 
2. 94˚ C, 5 minutes 
3. Cycle 1, repeat 3 times 

i. 94˚ C, 1.0 minute 
ii. 54˚ C, 30 seconds 
iii. 72˚ C, 1.0 minute 

4. Cycle 2, repeat 35 times 
i. 94˚ C, 1.0 minute 
ii. 58˚ C, 45 seconds 
iii. 72˚ C, 1.0 minute 

5. 72˚ C, 10 minutes 
6. 4˚ C, hold 
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ADAPTATION AND OPTIMIZATION OF BAC RECOMBINATION:  HEINTZ 
PROTOCOL 

 
In order to make the BAC reporter that we desired, I adapted a protocol 

developed by Heintz et al. to precisely replace the Mash1 single coding exon with a 

reporter construct (Yang et al., 1997).  The first construct contained EGFP and Cre 

separated by an Internal Ribosomal Entry Site (IRES) (construct known as GIC, 

Figure 3.1).  The second construct contain CreERTM tamoxifen inducible 

recombinase followed by the bovine growth hormone poly adenylation sequence 

(CreERTM-pA). These constructs were used to modify the BAC 428P21 because it 

contained the largest regions of genomic sequence flanking the Mash1 coding 

region.  As per the Heintz protocol, a build vector was generated containing the 

reporter of interest flanked by 1 kb of sequence 5’ of the Mash1 coding region and 1 

kb of sequence 3’ of it.  The complete sequence of flanking DNA and reporter was 

cloned into the shuttle vector provided by the Heintz lab.  This shuttle vector plus 

recombination construct was then transformed into bacteria containing the BAC 

clones.  Then, the BACs were recombined according to the above protocol.  There 

were several modifications to the original Heintz protocol.  At each step, two 

additional selections were added to increase the number of positive clones and 

decrease the false positives.  The first selection was performed on solid media 

(included in the original protocol).  Then, colonies were picked and grown in liquid 

media for colony selection.  These liquid cultures were diluted and plated on solid 
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media in serial dilutions to achieve individual colonies.  These additions increase the 

efficiency of the recombination method.  In addition, products at each step were 

assayed by PCR and Southern blot to verify each clone had the appropriate 

orientation.  Upon acquisition of the final product, the area of interest was 

sequenced to verify its proper integration. 
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TARGETED MODIFICATION OF BACS 

This BAC recombination method is a modified version of that published in 

1997 (X.W. Yang, P. Model and N. Heintz, Nature Biotechnology 15(9), pp. 859-865, 

1997).  It uses simple homologous recombination to modify BACs in a directed 

manner.  I will refer to the ‘total sequence to be inserted’ as the ‘reporter.’  Any piece 

of DNA may be inserted, not just a reporter gene.   There are several general steps: 

(1) construction of build vector where the reporter is flanked by two sequences 

homologous to the region where it is to be inserted, (2) cloning the recombination 

cassette into the shuttle vector, (3) co-integration of the recombination cassette and 

shuttle vector into the BAC, (4) resolution of the shuttle vector out of the BAC, (5) 

confirmation of the correct result by analysis of the BAC. 

Note: BV = build vector (your choice, pGEM or pBS work well) 

 SV = shuttle vector (pSV1.RecA) 

 

 

Solutions 

1. Tetracycline Stock Solution: 10 mg/mL in 50% Ethanol/ 50% ddH2O, 

wrapped in aluminum foil and stored at -20º C for up to one month 

2. Chloramphenicol solution:  12.5 mg/mL dissolved in 50% Ethanol/ 50% 

ddH2O and stored at -20º C.   

Plates 
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1. Tetracycline plates (Tet): LB agar plates containing 10 ug/mL tetracycline.  

Store at 4º C and wrapped in aluminum foil to avoid light. 

2. Chloramphenicol plates (Chl): LB plates containing 12.5 ug/mL 

chloramphenicol. Store at 4º C. 

3. Tetracycline & Chloramphenicol plates (Tet-Chl): LB plates containing 10 

ug/mL tetracycline and 12.5 ug/mL chloramphenicol. Store at 4º C and 

wrapped in aluminum foil to avoid light. 

4. Fusaric Acid & Chloramphenicol TB plates (FA-Chl): prepared as follows: 

i. Make Tryptone broth agar, or TB agar: 

500 ml TB  1 L TB 

  Tap H2O (**not distilled**)  500 mL  1 L 

 Bacto tryptone 5 g 10 g 

 Yeast Extract 0.5 g 1 g 

 Glucose 0.5 g 1 g 

 NaCl 4 g 8 g 

 0.1 M ZnCl2 0.25 mL 0.5 mL 

 Chlorotetracycline (6.3 mg/ml) 4 mL 8 mL 

 Bacto Agar 7.5 g 15 g 

 

ii. Autoclave the above TB.    Also autoclave 500 ml of 1 M NaH2PO4-

H2O.  After autoclaving, wait until the TB agar drops below 60º C and 

then add the following: 
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 500 mL TB 1 L TB 

i. NaH2PO4-H2O (1 M)  36 mL  72 mL 

ii. Fusaric Acid (2 mg/ml)  3 mL  6 mL 

iii. Chloramphenicol (12.5 mg/ml) 0.5 mL  1 mL 

iii. Pour the plates, leave them on the bench top to dry overnight then 

store at 4º C.  The plates should be wrapped in foil at all times 

because the fusaric acid is light sensitive. 

    

 

Recombination Cassette Planning and Construction 

a. Choose the reporter to be inserted.  It should not contain Sal1 restriction 

enzyme sites as the recombination cassette must be inserted into the 

shuttle vector (SV) using Sal1.  Many reporters maintained in pBS or pGEM 

plasmids will work.  Also, a novel restriction site in the reporter gene is 

helpful in the identification of recombinant BACs.  If none is found, one can 

be created at the start codon of the reporter where Nco1 nicely fits around 

most ATG sites without causing too many point mutations. 

b. Choose site for recombination.  The reporter may be inserted into a single 

location.  It can also be used to delete a portion of the BAC.  I have 

successfully removed about 700 bp, but I have heard reports of up to 7 kb of 

DNA.  Also, choose the flanking pieces of DNA.  They can be from 500 bp 

to 1000 bp.  Try to keep these regions the same size as the size determines 
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their relative probability of recombination.  If one is substantially larger, it will 

tend to recombine more often and result in a reduced production of 

recombinant BACs in the final resolution step.  Also, try to make the GC 

content close to 50% as regions of high GC content can result in aberrant 

recombination sites. 

c. It is very important to add Sal1 sites at the far ends of both homologous 

sections.  These sites will be used for cloning into the SV. 

d. Clone the homologous regions 5’ and 3’ of the reporter construct.  It is 

important to retain the regions in an orientation the same as in the target 

region on the BAC.  This can be accomplished in sequential steps where 

one side is inserted first, then the other.  Use the normal cloning protocols 

available in your lab or in Molecular Cloneing (Maniatis, et al). 

e. Verify that the homologous regions are inserted properly by digest analysis 

and sequence analysis.   

 

Cloning of the Recombination Cassette into the Shuttle Vector 

The recombination cassette (RC) consists of the reporter flanked by the two 

homologous regions.  This cassette can be cloned into the SV with normal 

procedures except for a couple modifications.  The SV has a temperature sensitive 

origin of replication that only replicates efficiently at 30˚ C.  Also, the plasmid 

produces Tetr and therefore it is resistant to tetracycline.  So, it cannot grow on other 
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types of antibiotics.  The SV is also approximately 11 kb, so it is a large plasmid that 

grows with relative inefficiency.   

 

1. Purify sufficient quantities of the BV and SV plasmids.  Note: SV should be 

grown at 30º C in 500 ml of LB + tetracycline (10 mg/mL).  Traditional 

alkaline lysis works well although the yield is less than traditional plasmids 

since SV has a low copy number (6-8 copies per cell).  Normal yield 2-10 

ug SV DNA per 500 ml overnight culture.   

2. Digest out the RC from the BV using Sal1.  Also, digest the SV with Sal I.  

Digest at 37º C for 6 hours to overnight.  Gel purify the fragments to obtain 

purified fragments.  Use gel to estimate concentration of fragments. 

a. 1-2 ug of plasmid 

b. 10 ul H buffer 

c. 5 ul Sal I 

d. Add ddH20 to total volume of 100 ul 

3. Optional (helpful): Before gel purification, treat SV digest with calf 

intestinal phosphatase by adding 10 ul 10x dephosphorylation buffer, 2 ul 

(1 unit/ul) calf intestinal alkaline phosphatase and incubate at 37º for 30 

minutes.  Inactivate enzyme by adding 10 ul 50 mM EDTA and heating at 

75º C for 15 minutes.  (Note: EDTA could interfere with ligation, so it may 

be omitted and enzyme inactivated for longer). 

4. Ligate the RC into SV.  Incubate at 16º C overnight. 
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a. 50 ng linearized SV 

b. 100-200 ng linearized RC 

c. 2 ul 10 x ligation buffer (usually includes ATP, make sure to pre-

heat and dissolve ATP) 

d. 1 ul ligase 

e. ddH2O to 20 ul 

5. Transform the ligation product into DH5a.  Add half of ligation reaction (10 

ul) to 100 ul of ice cold chemically competent DH5a cells.  Incubate 15 

minutes on ice, then heat shock at 37º C for 2 minutes.  Add 1 ml LB and 

shake for at 30º C for 30 minutes.  Plate 100 ul onto LB-Tet plates.  Spin 

the remainder down at 3000 rpm for 4 minutes, decant and resuspend 

pellet in 100 ul LB.  Plate on LB-Tet plate.  Incubate the plates at 30º C for 

16 to 36 hours.  Watch for colonies to appear because they grow slower 

than normal bacteria at 37º C. 

6. Pick colonies for miniprep.  Isolate DNA and confirm integration of RC into 

SV.  Orientation in SV does not matter because the BAC integration will 

be determined by proper homologous region orientation to reporter 

sequence. 

 

Homologous Recombination into BACs  

Needed:   

a. Bacterial incubators: one at 30º C and one at 43º C 
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b. Bacterial Shaker: one at 30º C and one at 43º C 

 

a. Make all plates ahead of time. 

b. Make bacterial clones containing BACs competent.  Chemical method 

(Inoue et al, Gene 96, p23-38, 1990). 

i. TB media (10 mM Pipes, 55 mM MnCl2, 15 mM CaCl2 and 250 mM 

KCl).  Mix all components except MnCl2 and adjust pH to 6.7 with 

KOH.  Then dissolve MnCl2.  Filter sterilize (0.45 um) and store at 4º 

C. 

ii. Use metal loop to take frozen stock of BAC and inoculate 3 ml of 

LB+chloramphenicol (12.5 ug/mL) (abbrev. LB+chlor).  Grow the 

culture shaking at 37º C overnight. 

iii. Take 0.5 ml overnight culture and add to 50 ml LB+chlor and grow at 

37º with shaking until an OD (A600) of about 0.6. 

iv. Place the flask on ice for 10 min.  Then transfer to 50 ml falcon tube 

and centrifuge at 3000 rpm for 10 min at 4º C.   

v. Decant the supernatant.  Resuspend the pellet in 16 ml ice-cold TB.  

Incubate on ice for 10 min, then spin again as above. 

vi. Gently resuspend pellet in 4 ml of TB supplemented with 7% DMSO.  

Incubate on ice for 10 min, then dispense 0.5 ml aliquots and 

immediately freeze in liquid nitrogen.  Store tubes at -80º C. 

c. Co-integrate formation and confirmation by Southern Blot Analysis 
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i. Transform the competent BAC cells with the temperature sensitive SV-

RC plasmid.  Use 5-10 ul of SV-RC miniprep DNA and add to 200 ul of 

competent BAC cells.  Procedure as described above (Step 5).  Plate 

cells onto LB-Tet-Chl plates and grow overnight at 30º C. 

ii. Pick approx. 10 well-isolated, single colonies and grow in liquid LB-Tet-

Chl broth overnight at 30º C with shaking.  This allows further selection 

for SV and BAC while allowing for additional time to recombine. 

iii. Plate liquid bacteria suspension on LB-Tet-Chl plates and incubate 

overnight at 43º C.  Determine appropriate amount to plate by testing 

by serial dilutions.  Plate at a dilution that allows for identification of 

single colonies.  For a control, plate at the same dilution but grow 

plates at 30º C where a thick lawn should grow. 

iv. Carefully distinguish individual colonies from the hazy background of 

tiny colonies. Pick 20 of the larger regular size colonies.  Inoculate 

each colony into 2 ml LB-Tet-Chl broth and plate same colony on an 

LB-Tet-Chl plate.  Incubate both at 43º C.  Save master plate for 

further use (4º C).   

v. Make a miniprep of DNA from 2 ml culture.  Analyze for co-integration 

of SV-RC. 

1. PCR analyze for the presence of reporter.  Protocol the same 

as genomic PCR. 
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2. Digest 5-10 ul of BAC miniprep with restriction enzyme novel 

to reporter insert.  Note:  Add 2.5 mM spermidine to digestion 

mix for proper digestion of BAC DNA. Run digestion on 0.7% 

agarose gel at 30 volts overnight to separate fragments.  

Image the ladder.  Transfer to nitrocellulose membrane and 

hybridize with probe specific to region used for homologous 

recombination.  Look for the appropriate size change 

indicating a co-integration even, and discard all other BAC 

clones.  (Use standard Southern Blot protocols, Maniatas). 

 

d. Resolution and Southern Blot Analysis of correctly resolved BACs 

i. With the confirmed co-integrates allow for resolution of the SV.  Pick 

colonies from the appropriate Master plate, and inoculate 5 ml of LB-

Chlor broth.  Grow at 43º C overnight with shaking.   

ii. Plate liquid culture on LB-Chlor plates and grow at 43º C overnight at a 

concentration that will produce single colonies.  The purpose is to 

remove Tet selective pressure and allow a recombination event to 

resolve the SV out of the BAC.  The high temperature selects against 

the temperature sensitive origin of replication on an isolated SV. 

iii. To select for tet sensitivity in the resolved BACs, pick 8-16 single 

colonies from the LB-Chl plates.  Streak them onto Fusaric Acid + 

Chloramphenicol plates.  Use two controls.  1.  Streak a Tet-resistant 
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colony (from LB-Tet-Chlor co-integrate plates) – nothing should grow. 

2. Streak a Tet-sensitive colony (from original BAC).   

iv. Incubate the FA+Chl plates at 37º C for 2-3 days.  Monitor the growth 

of any colonies.  The long incubation time is necessary since the 

resolved colonies grow slowly on the toxic Fusaric Acid.  The first cells 

that can grow to a normal size on these FA plates should be properly 

resolved.   

v. If the homology regions are approximately the same size, then about 

50% of the colonies will contain the correctly integrated reporter.  If one 

is larger, then less than 50% can be expected.   

vi. BAC clones can be screened by a variety of methods including colony 

hybridization, colony PCR, or full plasmid Southern analysis which can 

be found in Maniatas.  To quickly screen for properly resolved 

colonies, the best method is a mini-culture dot blot.  Pick 50-100 

colonies and inoculate 1 ml of LB-Chlor broth.  Incubate overnight at 

37º C shaking.  For each sample, place one 10 ul drop onto 

nitrocellulose membrane in a grid pattern.  Allow to dry, then lyse cells 

and probe for the presence of the reporter using the standard colony 

hybridization protocol in Maniatas.  Those BACs showing a strong 

positive for the reporter will be the correctly recombine BAC. 

vii. Select the best BAC colonies and purify DNA by modified MidiPrep 

(see additional protocol).  Confirm the appropriate reporter orientation 
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by Southern blot analysis and sequencing reactions.  Remember 2.5 

mM spermidine is necessary for digestion reactions. 

e. Prepare for Pronuclear Injection 

Purify the desired BAC using the Modified MidiPrep.  You should provide 

your BAC at a concentration of at least 60ng/ul, although 100ng/ul and above 

are optimal concentrations. For injection, the BAC DNA should be diluted in 

an injection buffer at a concentration between 0.3ng/ul to 3ng/ul. Higher 

concentrations are more toxic.  Generally, 3 ng/ul give a higher percentage of 

positive transgenics but fewer live pups.  Conversely, 0.3 ng/ul produces a 

lower percentage of transgenic pups but many more total pups.  The 

empirical testing of these concentrations will optimize the number of 

transgenic pups obtained. If your transgenic facility has experience with 

BAC’s then go with their recommendations unless those do not work. 

Ideally, the BAC DNA should be purified the day before injection and 

stored at 4º C until it is ready to be injected.  The injection buffer depends on 

the transgenic facility, but a good buffer consists of, 10 mM Tris-HCl pH 7.5, 

0.1 mM EDTA and 100 mM NaCl.   
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TRANSGENIC MOUSE GENERATION AND MOUSE MUTANT STRAINS 
 

 Transgenic mice were generated by standard procedures (Hogan et al., 1986) 

using fertilized eggs from B6D2F1 (C57B1/6 x DBA) crosses.  M1-GIC BAC was 

prepared using a modified Qiagen Midi Prep procedure (see above). The M1-GIC 

BAC was then injected into the pronucleus of fertilized mouse eggs at 0.5-1ng/µl in 

10mM Tris pH7.5, 0.1mM EDTA, 100mM NaCl.  The M1-CreERTM BAC was purified 

and injected in a similar manner.  In general, BACs can be injected at concentrations 

between 0.3 ng/ul to 3.0 ng/ul.  In practice, the higher concentrations of injection (i.e. 

closer to 3.0 ng/ul) produce fewer viable embryos, but a higher percentage of 

embryos positive for the transgene.  The lower concentrations of injection produce 

more viable embryos, but a lower over all number and percentage of embryos 

positive for the transgene.  In our hands, the concentration of 1 ng/ul seems to be 

the best compromise between viability and transgene integration.   

 The pronuclear injections were performed by Adil Omar-Abdalla.  He used 

standard procedures including spin column filtration to remove any particulates.  To 

insure optimal recombination, I would make a fresh BAC DNA preparation less than 

24 hours before injection.  This purification would be stored at -4˚ C for 24 hours, but 

must be stored at -20˚ C if keeping it longer.  BAC DNA for injection seems to be 

more stable if it is not frozen and injected within 24-48 hours of purification. 
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PCR GENOTYPING 

Preparation of Genomic DNA from Tail or Yolk Sac Samples 

 This protocol may be used on embryonic yolk sacs or adult tails.  From E9.5 

to E14.5, it is important to retrieve the yolk sac for genotyping.  Take care to remove 

all possible placental tissue from the yolk sac as it may lead to contamination.  

However, for E15.5 to E18.5, it is much more convenient to clip the tail off the 

embryo to genotype as it allows for better separation of fetal and maternal genetic 

tissue.  For postnatal pup and adult tails clip 2-3 mm of tail with clean scissors, and 

mark the animal with an appropriate ear punch. 

Quick Lysis Buffer 

10mM Tris, pH 8.3   5ml 1M 

50mM NaCl    5ml 5M 

0.2% Tween 20   1ml  

H2O     489ml to make up 500ml 

10 ug/ml Proteinase K  Add 1ul/ml of 10mg/ml stock each time 

 

1. To the tail/yolk sac, add 500 ul lysis buffer + 10 ul PK/tail in 1.5 ml eppendorf 

tube 
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2. Incubate at 55˚ C for 1 hour to overnight (Overnight will provide better lysis 

and yield of genomic DNA, but digestion can be limited to 1 hour if 

necessary). 

3. Heat inactivate PK at 95˚ C for 10 min (Boiling is the preferred method). 

4. Optional: keep at 4˚ C to cool down, better for the PCR 

5. Use 1ul for 20ul PCR reaction 

 

Note:  If use tails, cut the tiniest bit of tail possible (2-3 mm).  Too much tail tissue is 

not good. 
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Cre GENOTYPING 

 
  This protocol identifies any mouse line containing the Cre recombinase gene.  

Here, the P48 locus is used as an internal positive control.  It should always be 

positive (unless working with a P48 mutant mouse line).  

First aliquot out 1ul of each sample into a different PCR tube (.2ul strip tubes), 

then prepare the MASTER MIX without the Taq polymerase.  Turn on the PCR 

MACHINE (BioRad).  Set up machine for a HOT START.  Next add the Taq 

polymerase to the MASTER MIX, mix well, and pipet 14 uls of the MASTER mix into 

each tube avoiding bubbles. Cap the tubes, mix gently, pop spin and place in the 

PCR MACHINE and start program. 

     After the program has ended, add 2 uls of 6X DNA loading buffer to each sample 

and load on a 1.0% agarose gel and run the gel until the bromophenol blue dye 

reaches the middle of the gel.  Document gel results by taking a picture. 

 
Expected band sizes:  
P48 locus: 500bp 
Cre          : 300bp 
 
MASTER MIX 
PER 15uL RXN: 
10X NEB buffer                     1.5 ul  
Qiagen Q solution        1.5 ul 
10 mM dNTP’s                         0.3 ul 
500ng/ul P48 locus 5’ and 3’     0.25 ul (each) 
500 ng/ul BFI-cre 5’ and 3’       0.25 ul (each) 
MgCl2          0.15 ul 
ddH2O                  9.4 ul 
Taq Pol                  0.15 ul 
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Primers 
P48 locus 3’: 5’-TCA AAG GGT GGT TCG TTC TC-3’ 
P48 locus 5’: 5’-AAC CAG GCC CAG AAG GTT AT-3’ 
BF1-cre forward: 5’-GGA CAT GTT CAG GGA TCG CCA GGC G-3’ 
BF1-cre reverse: 5’-GCA TAA CCA GTG AAA CAG CAT TGC TG-3’ 
 

MACHINE: BIO-RAD 

THE PROGRAM 

TITlE: newmash 
 
95oC 5 mins 
 
95oC 30 secs       | 
60oC 30 secs             4X 
72oC 1 min       | 
 
94oC 30 secs       | 
57oC 1 min               36X 
72oC 1 min       | 
 
72oC 10 min 
 
HOLD 4oC 
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ROSA (YFP or LacZ) PCR GENOTYPING 
 

This protocol can be used to identify either RosA26-lacZ or RosA26-YFP 

reporter mouse lines because it identifies the RosA promoter with the common stop 

intervening region.  Here the endogenous RosA locus is used for an internal control.  

It is possible to breed the RosA reporter to homozygosity in which case only the 

mutant band would be present. 

First aliquot out 1ul of each sample into a different PCR tube (.2ul strip tubes), 

then prepare the MASTER MIX without the Taq polymerase.  Turn on the PCR 

MACHINE (BioRad).  Set up machine for a HOT START.  Next add the Taq 

polymerase to the MASTER MIX, mix well, and pipet 14 uls of the MASTER mix into 

each tube avoiding bubbles. Cap the tubes, mix gently, pop spin and place in the 

PCR MACHINE and start program. 

     After the program has ended, add 2 uls of 6X DNA loading buffer to each sample 

and load on a 1.0% agarose gel and run the gel until the bromophenol blue dye 

reaches the middle of the gel.  Document gel results by taking a picture. 

 
Mutant PCR product = 300 bp 
Wild-type PCR product = 550 bp 
 
MASTER MIX
Per 15ul rxn; 

10X NEB buffer          1.5uls 
10mM dNTPs                                                                            0.3uls 
20pmols/ul R26R GENO-1       0.5uls  
20pmols /ul R26R GENO-2      0.25uls  
20pmols/ul R26R GENO-3       0.25uls  
sterile water                                                                             10.9 uls 
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25 mM MgCl2           0.15 
Taq Polymerase (NEB)                                                             0.15uls 
 

ROSA/YFP Primers 

 
R26R GENO-1:  5’  AAA GTC GCT CTG AGT TGT TAT  3’      (endogenous 
locus) 
    
R26R GENO-2:  5’  GCG AAG AGT TTG TCC TCA ACC  3’      (endogenous 

locus, deleted in 
∆/∆) 

R26R GENO-3:  5’  GGA GCG GGA GAA ATG GAT ATG  3’ (in RosA insert, 
but not YFP or 
lacZ) 

                              
MACHINE: BIO-RAD 

 
THE PROGRAM 

TITlE: newmash 
 
95oC 5 mins 
 
95oC 30 secs       | 
60oC 30 secs             4X 
72oC 1 min       | 
 
94oC 30 secs       | 
57oC 1 min               36X 
72oC 1 min       | 
 
72oC 10 min 
 
HOLD 4oC 
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Mash1 PCR GENOTYPING 
 

This protocol can identify mice that have the Mash1 gene deleted.   

First aliquot out 1ul of each sample into a different PCR tube (.2ul strip tubes), 

then prepare the MASTER MIX without the Taq polymerase.  Turn on the PCR 

MACHINE (BioRad).  Set up machine for a HOT START.  Next add the Taq 

polymerase to the MASTER MIX, mix well, and pipet 14 uls of the MASTER mix into 

each tube avoiding bubbles. Cap the tubes, mix gently, pop spin and place in the 

PCR MACHINE and start program. 

     After the program has ended, add 2 uls of 6X DNA loading buffer to each sample 

and load on a 1.0% agarose gel and run the gel until the bromophenol blue dye 

reaches the middle of the gel.  Document gel results by taking a picture. 

 
 
Wild-type PCR product=340bps 
Mutant PCR product =645bps 
 
 
                          
MASTER MIX;    Note: Wild-type and Mutant Rxns are Combined. 

Per 15ul rxn; 

10X NEB Taq Buffer                   1.5 ul 
5X Betaine (5M) or Qiagen Q soln.                                        1.5 ul 
10mM dNTPs                                                                                  0.30 ul 
primer WT-1 (37.5 ng/ul)       0.25 ul 
primer MUT-1 (37.5 ng/ul)       0.25 ul 
primer MUT-2 (75.0 ng/ul)       0.50 ul 
25mM MgCl2                                                                     0.15 ul 
ddH20          9.40 ul 
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Taq Polymerase (NEB)                                                              0.15 ul 
 

MASH1 Primers 

 
WT-1    CTCTTAGCCCAGAGGAAC                         -Location, MASH1 ORF 
MUT1   GCAGCGCATCGCCTTCTATC                     -Location, neomycin gene 
MUT2   CCAGGACTCAATACGCAGGG                  -Location, MASH1 3’ UTR 
 
MACHINE: BIO-RAD 

THE PROGRAM 

TITlE: newmash 
 
95oC 5 mins 
 
95oC 30 secs       | 
60oC 30 secs             4X 
72oC 1 min       | 
 
94oC 30 secs       | 
57oC 1 min               36X 
72oC 1 min       | 
 
72oC 10 min 
 
HOLD 4oC 
 
 
 
 

 

 

 
 



79 

 

HARVESTING TECHNIQUES 

BrdU pulse incorporation 

 BrdU incorporation is used to identify those cells actively replicating DNA and 

thus in S phase of an active cell cycle.  For mouse embryos E9.5 to E14.5, a BrdU 

injection or pulse is given one hour prior to harvest.  For mouse embryos E15.5 to 

E18.5, a BrdU injection or pulse is given two hours prior to harvest.  The standard 

amount of BrdU injected is based on the body weight of the pregnant female.  The 

standard BrdU solution is 10 mg/ml BrdU in PBS, and 20 ul of this solution is 

injected per gram of body weight. 

 

1. Weigh the pregnant female to be harvested more than 1 hour prior to 

expected harvest time.   

2. Calculate the amount of BrdU needed.  The standard dose is 20 uL of 

standard BrdU solution per gram of body weight. 

3. Make the BrdU solution fresh every time that it is injected.  Weigh BrdU, 

0.010 g for 1.0 ml of PBS, directly into 1.5 ml eppendorf tube.  Add 

appropriate amount of PBS to tube to make a 10.0 mg/ml solution.   

4. Vortex vigorously.  Not all will go into solution.   

5. Incubate in 37˚ C waterbath for 5 minutes or more.  It is possible speed up 

solution by heating at 65˚ C for 30 sec pulses, alternating with vortex until in 

solution. 
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6. Draw up calculated amount of BrdU into 1.0 ml syringe with 27 or 30 gauge 

needle.  Inject BrdU solution IP.  When injecting females with older embryos, 

be careful not to inject into a yolk sac or embryo, but directly into the 

peritoneum. 

7. Start one hour or two hour timing from moment of injection. 
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DISSECTION OF EMBRYOS  

EMBRYONIC DAYS 10.5, 11.5 OR 12.5 (E10.5, E11.5, E12.5) 

 

Solutions: 

1. 1 X PBS (or 1 X Phosphate Buffer, P04 – a better buffer, it maintains pH 

better) 

2. 70% Ethanol 

3. Paraformaldehyde (4% in 1 X PBS) 

a. Microwave 100 mL of 1 X PBS until boiling (~ 1 minute) 

b. Weigh 4 grams of Paraformaldehyde (PFA) (kept at 4º C) 

c. Add PFA and let mix on stir plate to dissolve (cover or keep in 

hood). 

d. Store at 4º C for up to one week 

 

Dissection 

1. Anesthetize pregnant female with Halothane in hood according to IACUC 

guidelines.  Then sac by cervical dislocation. 

2. Mat hair down with 70% ethanol, and open abdominal cavity.  Dissect out 

uterus with embryos.  Place into cold PBS in Petri dish. 

3. Open uterus with longitudinal cuts so that all embryos are exposed. 
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4. Separate Embryos from placenta and yolk sacs.  Save individual yolk sacs for 

genotyping purposes and keep track of which embryos belong to which sac.  

Be careful to dissect out all placental material as it may contaminate genotype 

with maternal genetic information. 

Fixation 

1. After all embryos are dissected, fix samples with 4% PFA at 4º C for 2 hours 

with gentle stirring (rotating stage).  If GFP/YFP+ animals, cover with foil to 

prevent photobleaching. 

2. Rinse twice with 4º C PBS.  Wash 3 times for 30 minutes each in PBS at 4º C 

with gentle stirring (rotating stage).   

3. Optional: Wash overnight in PBS at 4º C with gentle stirring (rotating stage).  

This helps remove PFA which can interfere with immunostaining. 

4. Sucrose sink in 30% sucrose 1 X PBS overnight at 4º C with gentle stirring 

(rotating stage). 

5. Gently dry off excess sucrose and embed embryos in OCT freezing with liquid 

nitrogen. 
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DISSECTION OF SPINAL COLUMN  

EMBRYONIC DAY 16.5 TO 17.5 (E16.5 TO E17.5) 

 The dissection of these embryos is slightly different than earlier stages 

because the organs are bigger and the tissue is denser.  All dissections should be 

done in cold (4˚ C) PBS or phosphate buffer.  These dissections are generally done 

in the afternoon so that the tissue may be fixed overnight for 16 hours. 

 

1. Inject female with BrdU 2 hours prior to harvest if necessary. 

2. Anesthetize pregnant female with halothane according to IACUC standards. 

3. Sac female by cervical dislocation according to IACUC standards. 

4. Open the abdominal cavity and dissect out the uterus containing the embryos.  

Place uterus with embryos in Petri dish with cold PBS. 

5. Dissect out individual embryos, and discard yolk sac.   

6. Clip the tail of each embryo for genotyping purposes.  At this later age, the tail 

is much more accurate for genotyping than the yolk sac as it is difficult to fully 

separate the maternal and offspring tissue. 

7. Store embryos temporarily in 4% paraformaldehyde at 4˚ C.  

8. Dissect the spinal column of each embryo individually.  Use a Petri dish with a 

cork bottom and cold PBS.   

i. Place embryo on its side, and pin once through shoulder of upper 

limb.   
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ii. Decapitate pup at a high level to retain most of cervical spinal cord.  

Brain can be kept for further dissection or discarded. 

iii. Using scissors, enter anterior neck and cut ribs on either side of 

spinal column.   

iv. Rotate column out and remove any remaining internal organs from 

ventral side of column with forceps. 

v. Remove skin from back of column.  Then remove muscle and dorsal 

fat patch from dorsal side of column.  Nothing should be left but the 

bone of the spinal column and some ribs on either side.  The spinal 

cord is within the bones of the column and should remain unharmed. 

9. Optional (but helpful): use a straight razor to cut the spinal column at the mid-

point of the cervical lordodic curve (Fig 2.x).  This will allow the cervical spinal 

cord to be sectioned in a truer cross-section perpendicular to the rostro-

caudal axis.  Also, cut tail off the caudal portion of the spinal column 

approximately 3-5 mm off the end.  This allows it to better fit in the molds and 

really only cauda equine is housed there. 

10. Fix both tissues (rostral and caudal) in 2% paraformaldehyde at 4˚ C 

overnight with gentle mixing (i.e. orbital shaker). 

11. Rinse twice with fresh PBS.  Then, wash 3 times for 30 min in fresh, cold 

PBS.  Finally, wash overnight in fresh, cold PBS at 4˚ C on gentle shaker. 
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12. Cryo-protect samples by washing them in 30% sucrose solution in PBS.  

Wash overnight at 4˚ C on gentle shaker.  Spinal columns should sink within 

24 hours, but could take up to 48 hours. 

13. Embed samples for cryo-sectioning.   

i. Place OCT medium in appropriate mold. 

ii. Place spinal column in OCT with appropriate orientation so that the 

rostral end is toward the top of the block and the ventral side is facing 

forward in the block such that the spinal cord will be sectioned in cross 

or transverse sections. 

iii. Gently place in liquid nitrogen to freeze. 

iv. Store at -80˚ C freezer. 

14. Genotype tails for appropriate markers (see Genotyping). 
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DISSECTION OF SPINAL CORD FROM P0 TO ADULT MOUSE 

 To properly preserve the spinal cord after birth, the best method is to perfuse 

an animal with paraformaldehyde by trans-cardial perfusion.  The technique 

described below demonstrates this for an adult mouse (>P30) with modifications 

necessary for P0, P14 and P21 animals.  After the animal is properly fixed, the 

spinal cord can be dissected out by performing a ventral laminectomy.   

 

Perfusion 

1. Set Up all necessary equipment. 

i. Perfusion pump (pre-run PBS in tubes) 
ii. PBS at 4˚ C 
iii. 4% paraformaldehyde (PFA) at 4˚ C 
iv. Avertin 
v. Dissection Stage 
vi. Scissors (normal dissection and iris) 
vii. Forceps 
viii. Hemostat 
ix. Thin spatula with slightly curved tip 
x. Needle (27 gauge – P0-P21; 25 gauge – P22+) 
xi. Needle and Syringe for Avertin – 1 ml syringe, 27 gauge needle  

2. Weigh mouse and calculate Avertin needed to anesthetize (0.024 ml 

of Avertin per gram body weigh of mouse).  E.g. 30 gram mouse 

would need 0.72 ml of Avertin. 

3. Anesthetize mouse with appropriate amount of Avertin by IP 

injection.  It will take several minutes for the animal to be properly 

injected.  It should not react to deep pain, i.e. should not move when 

poked in paw with needle.  It is important to act quickly after the 
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animal is anesthetized to insure the heart continues to beat and just 

in case the animal was over-dosed. 

4. Pin all four limbs out on dissection stage so that the animal is spread 

out on its back.  Mat down the fur with 70% ethanol. 

5. Cut abdominal cavity open.  Move liver down gently, and cut the 

diaphragm to separate the ventral part of the rib cage.  Then make 

incisions along the lateral part of both sides of the rib cage.  The 

ventral rib cage and sternum should now be free.  Using a hemostat, 

clamp the free rib cage and sternum, then lay it anteriorly over the 

face.   

6. The heart should now be in full view.  With the needle attached to the 

perfusion pump, pierce the heart at the apex and enter the left 

ventricle.  Be very careful not to drive the needle too deep as it will 

injure other parts of the heart.  The needle should be inserted just 

past the bevel (about 1 mm past bevel).  Secure the needle so that it 

does not move extensively.  As soon as perfusion is started (see next 

step), the Right Atrium must be cut to allow blood to flow out. 

7. Start perfusion pump.  Perfuse with 1x PBS (4 C) for: 

i. 2 minutes, rate setting 1.707 – P0 – P14  

ii. 3 minutes, rate setting 2.250 – P14 – P29 

iii. 5 minutes, rate setting 2.707 – P30+ 

8. Perfuse with 4% PFA (4 C) for: 
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i. 7 minutes, rate setting 1.707 – P0 – P14 

ii. 8 minutes, rate setting 2.250 – P14 – P29 

iii. 10 minutes, rate setting 2.707+ – P30+ 

iv. Note:  In a good perfusion, the liver and internal organs will 

blanch white, and the tail will spin during PFA treatment.  If fluid 

comes out of the nose, perfusion rate was too high and has 

broken capillaries and perfusion will not be as good. 

9. Once perfusion is done, remove needles and rinse with PBS and 

water (water is a final clean once done for the day). 

10. Eviscerate the animal by taking out all internal organs.  Especially, 

clean off anything on the ventral surface of the spinal column.  Then 

decapitate the animal above the cervical level, very close to the 

cerebellum.   

11. Remove pins in the 4 limbs.  Place a single pin at the base of the tail 

of the animal.  Leave the front limbs unpinned until the laminectomy 

is past the cervical region (or established well enough to continue). 

12. Ventral Laminectomy: 

i. Lift spinal column up to visualize the cord.  Insert one blade of 

scissors lateral to the spinal cord between it and the bone.  Cut 

the bone on that side of the cord.  Be careful to angle the sharp 

tip away from the cord while inserting it next to the bone.  

Repeat on the other side.   
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ii. Repeat this laminectomy moving posteriorly along the column 

cutting the bone on either side of the spinal cord.  As soon as 

the cut is established, pin the front limbs down to the stage.  

Then use forceps to pick up the ventral strip of bone being cut 

off.  As you hold the bone, continue to cut down the column until 

you have dissected enough of the cord, or until you hit the 

cauda equine at the end. 

iii. Fully remove the ventral bone that has been cut.  Now, make 

sure to float the mouse carcass and spinal cord in PBS (this 

floats the cord so that the ligaments and nerves may be cut 

more easily). 

iv. Using a thin spatula with a slightly curved tip, lift one side of the 

cord.  With iris scissors, cut the nerves and ligaments on that 

side.  Now, lift the other side and cut.  Start at a cervical level 

and move down caudally and alternate sides until the cord is 

free.   

13. Place cord in 6 well plate with 4% paraformaldehyde. 

14. For X-gal staining, post-fix for 2 hours in 4% PFA at 4˚ C with gentle 

shaking.  Rinse two times with PBS.  Then, wash 3 times for 30 

minutes each in PBS at 4˚ C with gentle shaking. 

15. For immunohistochemistry, post-fix for 2 hours in 4% PFA at 4 C with 

gentle shaking.  Then fix overnight in 2% PFA at 4˚ C with gentle 
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shaking.  Then rinse two times with PBS.  Then, wash 3 times for 30 

minutes each in PBS at 4˚ C with gentle shaking.  Finally, wash 

overnight in PBS at 4˚ C with gentle shaking.  Sucrose sink and 

embed according to the embedding protocol. 
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CRYOSTAT SECTIONING 

1. Adjust cryostat chamber temperature to approximately -21˚ C and object 

temperature to -18˚ C.  Note: Temperatures will be dependent on individual 

cryostat.  Change temperatures as needed.  If sections are curling, try making 

the chamber temperature colder.  If sections are chattering, try making the 

object temperature warmer.  Keep the object and chamber temperatures 

within 2-3˚ C for better results.   

2. Remove sample from -80˚ C freezer and place in cryostat to warm for 20-30 

minutes 

3. Using OCT, freeze block to cryostat chuck.   

4. Rewind chuck holder all the way. 

5. Place new blade in stage mount.  For disposable blades, never reuse a blade 

that has been taken out of stage.  Once a blade has been placed in the stage, 

use it for 6-7 embryos and discard before it gets dull. 

6. Place chuck with sample block onto chuck mount. 

7. Adjust block perpendicular to stage in an optimal position for cross sections 

(dependent on cryostat and user). 

8. Section 30 um sections and place sections on slides in a rotating fashion to 

give serial sections on adjacent slides.  For my best sectioning, I did not use 

the slide warmer, but kept slides at room temperature and placed them at -20˚ 
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C as soon as I was done sectioning.  I used ProbeOn Plus Frosted Charged 

and Coated slides as the sections stuck best to those types of slides. 

9. Number of slides: 

i. E10.5 – E12.5 : 12 slides 

ii. E15.5 – E17.5 (rostral spinal cords) : 15 slides 

iii. Post-natal spinal cords : 15 slides 

10. As soon as sectioning of an individual block is finished, place at -20˚ C.   

11. Clean shavings and cryostat area.  Do not leave any samples in it overnight 

as the auto-defrost cycle is usually in the night and will thaw your samples. 

12. After placing the sections on slides, there may be bubbles in the section.  

Before processing, these bubbles may be carefully teased out.  It will be 

difficult for younger, more delicate tissue, but I have done it for all tissue 

E11.5 to adult spinal cord. 

iv. Make a solution of PBS at half the normal concentration (I.e. mix pure 

H2O with PBS in a 1:1 ratio). 

v. Identify bubbles under dissecting microscope. 

vi. Use a No. 1 fine brush to lightly wet the section and allow 30 seconds to 

rehydrate. 

vii. Use brush to tease bubble out by pressing down on bubble lightly or 

sliding brush under section.  It will take some practice and patience, but 

you can save some sections this way.  You can also relay any sections 

that have folded over themselves.  
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VIBRATOME PROCEDURE 

 Vibratome sectioning is used to make thick sections of tissue (50 um to 200 

um) for various uses.  My primary use was to make 100-150 um sections of adult 

spinal cord for X-gal staining.  The spinal cords were retrieved as described above, 

then embedded in agar and sectioned on a Vibratome 1000.   

 
 

3.5% Agar for Tissue Embedding – Formula (for 100ml): 

1. Weigh 3.5g agar, 8.0g sucrose 

2. Dissolve sucrose in 100ml distilled H2O with stirring in 125ml beaker. 

3. Fill larger 500 ml beaker with water and boiling stones.  Place on Bunsen 

burner tripod and bring to boil.  This creates a double boiler so that less of 

the agar mix will burn on bottom of beaker. 

4. Add agar to H2O sucrose mixture and place in boiling water of 500 ml 

beaker.  Secure the 125 ml beaker so that it does not fall into lower boiling 

water.  Bring solution to a boil (1000C).  Use a thermometer.   

5. Put aliquot portions into glass test tubes while solution is still hot. 

For 40ml use 1.4g agar, 3.2g sucrose, 40ml H2O.   

Keep filled tubes in 4˚ C refrigerator covered with parafilm. 

 

Embedding: 

1. Boil water in a 125 ml beaker on a Bunsen burner tripod. 

 
 



94 

2. Melt agar by placing agar aliquot into boiling water. 

3. Embed tissue using plastic molds.  Pour agar into mold and allow to cool. 

4. Before agar hardens place specimen in agar in the appropriate orientation 

(be careful to get agar as cool as possible without solidifying the agar.  

5. Place mold in 4˚ C refrigerator (or ice) to harden (5min.) 

 

Sectioning: 

1. Remove block from mold and trim agar to desired size and angle of 

specimen.  For adult spinal cords, the long axis of the cord (rostro-caudal) 

should be vertical so that it is cut in cross-section (Fig 2.X). 

2. Attach agar to block holder by using “super glue” (the brush type is that 

best).  Let stand for 5 min or until dry.  Then chill on ice. 

3. Fill vibratome stage area with ice cold PBS.  It is important to keep 

specimen and agar cold for best sections. 

4. Mount on vibratome stage and cut at 100 um thickness.  Rewind stage all 

the way to the bottom, then manually turn up 100 um at a time.  For most 

spinal cord tissue samples, run the speed slow around 3 of 10, while 

running the amplitude high at 7-8 of 10.  Use fine feather blades (Ted 

Pella Co.) 

5. As sections are cut, retrieve them with a fine brush (No. 1) and place in a 

24, 12, or 6 well plate depending on size.  The wells should have 1x PBS 

and maintained at 4˚ C. 

 
 



95 

6. Once the specimen is sectioned, process sections within 24 hours.  In 

general, they can be placed immediately in X-gal solution for staining (see 

appropriate protocol).  Specimens can also be used for immunostaining, 

but these should generally be fixed more extensively prior vibratome 

sectioning and can be stored for longer (2-3 weeks) at 4˚ C before use. 
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X-GAL STAINING 

Preparing X-gal Solution 

(Note: X-gal is light sensitive and should be kept at -20º C once in solution) 
 
X-gal    408.6g/mol   408.6g  = 1M        408.6mg  = 1M 
Normal Solution: 40mg/mL                L               mL 

1M = mol/L = mmol/mL   
  
50mL total 
(40mg)(50) = 2000mg 
             2g in N,N, Dimethyl Formamide (50mL) 

 

Kferri/Kferro cyanide solution: 

Make solution of 0.1 M K-ferri cyanide and 0.1 M K-ferro cyanide in ddH20. 

1. Weigh solids. For a 10 mL solution: 

i. K-ferri – 0.33 g  (FW – 329.2 g/mol) 

ii. K-ferro – 0.42 g (FW – 422.4 g/mol)  

2. Mix in ddH20 on stir plate.  Cover to avoid light exposure. 

3. After thoroughly mixed, filter to remove particulates. 

4. Store in cool, dry, dark place.  May be stored for up to one month.  After that 

activity is questionable. 

1 M MgCl2 (FW 203.30 g/mol) 

 - For 200 mL solution: add 40.66 g MgCl2 powder to 200 mL ddH2O. 
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Normal X-gal Staining Solution: 

(Note: X-gal staining solution is light sensitive and should be used the same day it is 

made.  This solution will not last more than 24 hours, to be safe) 

Components 
Original 

Concentration 
Final 

Concentration For 5 ml Sol’n 
PBS  1X  1X 4.6 ml 
Kferri/Kferro cyanide  0.1 M  5 mM each 0.25 ml 
MgCl2  1 M  2 mM 0.01 ml 
Xgal  40 mg/ml  1 mg/ml 0.125 ml 
 
 

X-gal Staining of Whole Mount Embryos: 

1.  Embryos are harvested according to normal procedure. 

2.  Fix embryos in 4% paraformaldehyde in 1x PBS at room temperature shaking 

gently for 30 min if embryos are E10.5 to E12.5, or 45 min for E13.5 and older. 

3.  Wash embryos in 1x PBS twice for 10 min at room temperature with gentle 

shaking. 

4.  Stain overnight in 1-2 ml of X-gal staining solution in 24 well plate.  Cover in foil 

and incubate in 30º C incubator, shaking if possible. 

5.  Rinse in 1x PBS.  Post-fix in 4% paraformaldehyde 3-6 hours at room 

temperature, or at 4º C for days.  Rinse 1x PBS three times. 

6.  Take whole mount pictures. 
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7.  Sample can now be processed depending on their purpose.  Embed in OCT for 

cryosectioning, embed in agarose and vibratome section at 100 um (see sections on 

those techniques) 

 

X-gal Staining of Adult Vibratome Sections: 

1.  Adult vibratome sections should be in 1x PBS kept at 4º C. 

2.  Carefully remove 1x PBS manually with P1000 pipette.  Take care not to suck 

any sections up. 

3.  Submerge sections in X-gal solution.  Exact amount of X-gal will depend on plate 

used, but sections should be able to freely float in the solution. 

4.  Cover in foil and incubate overnight in 30º C incubator, shaking if possible. 

5.  Rinse in 1x PBS.  Post-fix in 4% paraformaldehyde 3-6 hours at room 

temperature, or at 4º C for days.  Rinse 1x PBS three times. 

6.  Sections can be imaged in solution, slide mounted or stained with Nuclear Fast 

Red. 
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NUCLEAR FAST RED STAINING 

  

 Nuclear Fast Red (NFR) staining is usually used to show cell bodies in cross-

sections of adult nervous tissue.  Sections can be either cryosectioned or vibratome 

sectioned with a thickness from 30 um to 200 um.  The stain generally gets darker 

as the section gets thicker, esp. above 150 um.  It is suggested that vibratome 

sections from 100 um to 150 um are used.  30 um or 50 um cryostat sections may 

be stained by a similar method, but the NFR step may be shortened as the sections 

are thinner. 

 

1.  Vibratome sections are floated in cold (4º C) 1x PBS in a large Petri dish with 

deep sides.  Agarose may be left on the section.  It does not interfere with the 

staining process or the mounting process.  This may help more fragile tissues 

(i.e. spina cord). 

2.  Sections can be teased on to slides (ProbeOn Plus) using a No. 1 brush.  It is 

easiest to place sections closest to the frosted label first, then progressively to 

the other end of the slide.   

3.  Once all sections are on the slide, excess PBS can be removed by pipette or 

vacuum in order that the sections dry to the slide.  For adult spinal cords, 

approximately, 10-20 minutes at room temperature will be enough to 

permanently adhere the section to the slide, but his can vary empirically.   
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4.  Once dry, the slide is dipped in H2O ten times to rehydrate sections.  Be sure not 

to dip too violently as excess force may cause sections to fall off slides. 

5.  Dip slide in NFR mixture for approximately 4 min 30 seconds.  This is optimal to 

show both gray and white matter in the spinal cord 

6.  Destain by dipping slide in H20 seven times in same trough.  Repeat by dipping 

seven more times in H20.  Slides can remain in this second solution until other 

slides have been stained. 

7.  Dehydrate sections.  Progressively dehydrate samples by incubating them for 2 

minutes each in ethanol solutions that progress from 30%, 50%, 75%, 90% and 

100%.   

8.  Clear the ethanol by incubating in Xylene for 2 min in 3 different baths.  (Note:  all 

Xylene and Permount procedures should be done in a chemical hood). 

9.  Embed the slides by adding Permount to freshly Xylene cleared slides.  After final 

Xylene incubation, take one slide at a time out.  Place it on a clean paper towel 

and add 5-6 good drops of fresh Permount onto the sections.  Place an 

appropriately sized coverslip on top of the sections.  Allow to dry for a few 

minutes, then use a Xylene soaked towel to wipe any Permount off the back of 

the slide.  Allow slides to dry overnight before they are ready to view.  Slides may 

now be stored at room temperature. 
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STANDARD PROTOCOL FOR IMMUNOHISTOCHEMISTRY 

 

Solutions: 

Block: 

1% Goat Serum 

0.1% NP-40 Alternative (0.1% Triton can be substituted but is a stronger 

detergent) 

PBS 

 

Prepare the slides: 

Note: It is helpful to do all procedures in the dark as much as possible 

to avoid photobleaching.  It is also important not to let a slide dry out 

after the sections have been rehydrated. 

1. Take slides out of -20˚ C and dry at room temperature for no more 

than 10 minutes.  Label slide with antibodies to be applied. 

2. Rehydrate the slides by washing in PBS for 10 minutes three times.  

Use trough and slide holder.  

3. One at a time, take slides out of PBS.  Dry back of slide and frosted 

area.  Using suction, dry around sections, but not sections directly.  

Use a Pap pen to place a water barrier around the sections. 
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4. Place slide flat in humid chamber and add approximately 300 ul of 

block solution. 

5. After last slide has block solution, close humidity chamber and 

allow slides to block for at least 15 minutes up to 1 hour.   

6. Dilute antibodies to appropriate concentrations using block solution.  

This is the primary antibody solution.   

7. One at a time, suction off block solution from a slide, and then add 

antibody solution.  After one slide has antibody solution applied, 

move to next slide.  Repeat for all slides. 

8. Once all slides have antibody solution applied, place lid on humidity 

chamber and gently move to a flat area in the 4˚ C refrigerator.  

Incubate overnight, approx. 16 hours. 

9. After incubation, remove humidity chamber from refrigerator.  

Remove antibody solution from each slide (one at a time) using a 

pipette to save the primary antibody solution.  (Primary antibodies 

are precious, so keep and reuse them).  Place slide in PBS to 

wash. 

10. Make the secondary antibody solution using fluorescently labeled 

antibodies that will recognize your primary antibodies. 

11. Wash slides in PBS for 10 minutes three times.  Use trough and 

slide holder. 
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12. One at a time, take slides out of PBS.  Dry back of slide and frosted 

area.  Using suction, dry around sections, but not sections directly.  

Place in humidity chamber and add secondary antibody solution. 

13. After last slide has secondary antibody solution, close humidity 

chamber and incubate for one hour at room temperature. 

14. Remove secondary antibody solution from each slide (one at a 

time).  Place slide in PBS to wash. 

15. Wash slides in PBS for 10 minutes three times.  Use trough and 

slide holder. 

16. One at a time, take slides out of PBS.  Dry back of slide and frosted 

area.  Using suction, dry around sections, but not sections directly.  

Add 1-2 drops of VectaShield and place appropriately sized 

coverslip.   

17. Store in slide holder at 4˚ C.  Seal with finger nail polish if you want 

to store them for an extended time or image with oil objectives. 
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Table 2.1: Antibodies 

Antibody Species Antigen or type 
of cell marked 

Concentration Comments 

GFP  Rabbit 
polyclonal 

Green fluorescent 
protein 

1:500 Molecular Probes 
A6455 

GFP (chick) Chicken 
Polyclonal 

Green fluorescent 
protein 

1:250 Chemicon, 
AB16901 

β-gal Rabbit 
polyclonal 

β-galactosidase 1:200 Biogenesis (old 5’-
3’ antibody works 
best) 

#4600-1505 

β-gal Mouse 
Monoclonal 

β-galactosidase 1:200 Biogenesis, worked 
but conc. may need 
to be changed 

#4600-1554 

Mash1 Rabbit 
polyclonal 

Mash1 1:500  

Mash1 (Mash1a) Mouse 
Monoclonal 

Mash1   

NeuN Mouse 
Monoclonal 

neurons 1:1000 Chemicon, 
MAB377 

APC (Ab-7, 
clone:CC-1) 

Mouse 
Monoclonal 

Oligodendrocyte 
CC-1 clone 

1:100 Calbiochem, Cat 
No. OP80  

GFAP Mouse 
Monoclonal 

Astrocytes and 
radial glia 
progenitors 

1:400 Sigma-Aldrich 

# G3893 

S100β Mouse 
Monoclonal 

Subtypes of 
astrocytes and 
oligodendrocytes 

1:2000 Sigma-Aldrich 

# S2532 

Olig2 (DF308) Rabbit 
Polyglonal 

Oligodendrocytes 
and 
Oligodendrocyte 
precursor cells 

1:1000 (or higher 
dilution) 

Clone named: 
DF308. From 
Charles Stiles at 
Dana Farber 
Cancer Institute 

Sox10  

(Sox10-1 gp) 

Guinea Pig 
Polyclonal 

Oligodendrocytes 
esp. at E17/E18 

1:1000 – 1:2000 From Dr Michael 
Wegner at 
Friedrich-
Alexander-
Universitat 
Erlangen-Nurnberg 

 
 



105 

aa 181-233 + 308-
400 

GluR2/3 Rabbit 
Polyclonal 

Glutamatergic 
neurons 

1:100 Chemicon 

AB1506 

GABA Rabbit 
Polyclonal 

GABAergic 
neurons 
(neurostranmitter) 

1:1000 Sigma-Aldrich 

# A2052 

Gad67 Mouse 
Monoclonal 

GABAergic 
neurons 

1:1000 (No detergent 
after initial block) 

Chemicon 

MAB5406 

     

Lmx1b Guinea Pig 
Polyclonal 

dI5 interneurons 1:4000 – 1:8000  

Lbx1 Guinea Pig 
Polyclonal 

dI4, dI5, and dI6 
interneurons 

1:20000  

Lhx1/5 (Lim1/2) Mouse 
Monoclonal 

dI2, dI4 and dI6 
interneurons 

1:100  

Pax2 Rabbit 
Polyclonal 

dI4 and dI6 
interneurons 

1:100  

Brn3a Guinea Pig 
Polyclonal 

dI2, dI3 and dI5 
interneurons 

1:300  

Isl1/2 Mouse 
Monoclonal 

dI3 interneurons 1:75  

     

Nestin (Rat-401) Mouse 
Monoclonal 

Progenitors 1:10 Developmental 
Studies Hybridoma 
Bank 

Rat-401 

Works by itself, but 
interferes with 
some other 
antibodies (and 
vice versa) 

BrdU Mouse 
Monoclonal 

BrdU, cells 
replicating DNA 

1:25 BD Biosciences 

347580 

After Acid 
treatment and Base 
neutralization 

Ki-67 Mouse 
Monoclonal 

Mitotically active 
cells esp. M phase 

1:100 Novacastra 

NCL-Ki67-MM1 

M phase is 
prominent, but 
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other phases 
apparent after 
antigen retrieval 
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TAMOXIFEN INDUCTION OF M1-CRE-ERTM

Recombination activity of the CreERTM inducible system is governed by 

tamoxifen drug kinetics and the kinetics of the CreERTM protein (Danielian et al., 

1998).  For the inducible Cre system, tamoxifen is injected into the intraperitoneal 

cavity in a sunflower or corn oil solution to induce the quickest peak level of 

tamoxifen.  Due to this method of induction, the drug probably becomes bio-

available quicker than the previously studied oral administration although conclusive 

data has not been collected.  So, peak levels of tamoxifen may be reached in less 

than 3 hours meaning that Cre activity may be seen very quickly after injection.  The 

elimination rate of tamoxifen and its metabolites is likely not to change as this is 

independent of the route of administration, but the total time that tamoxifen is 

available decreases due to the faster initial bio-availability.  Tamoxifen clearance 

should not be confused with inactivation of Cre recombination, but rather, the 

turnover of the CreERTM protein is responsible for the inactivation phase of this 

system. The best evidence of how CreERTM activation and inactivation is that it 

translocates to the nucleus within 24 hours, but cannot be detected within the 

nucleus after 48 hours (Figure 3.5b, (Hayashi and McMahon, 2002)).  This data 

definitely gives us an end point of when this system is inactivated, but it leaves a 24 

hour gap in our knowledge of when this system is inactivated (Figure 3.5b, dashed 

lines). Empirical data shows induction of Cre activity within three hours of injection 

based on the R26R-lacZ reporter.  This expression is weak and can only be seen 

with higher doses (6 mg/40 g body weight).  Activity continues to increase from 3 
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hours to 24 hours post injection where it hits a subjective plateau in vivo.  In vitro, 

activation continues to increase through 48 hours post-induction.  The induction is 

also dose dependent where doses less than 1 mg provide only minimal activation of 

Cre recombinase activity and doses greater than 3 mg produce maximal reporter 

activity.  Based on this data, the CreERTM system can be expected to turn on rapidly, 

driving maximal expression of reporters within 24 hours, but inactivated within 48 

hours if not less (Hayashi and McMahon, 2002).  This time frame should allow the 

separation of temporal events a minimum of 24 hours apart although a 48-plus hour 

separation period would provide a more complete separation of the events. 

 Tamoxifen does have deleterious effects to mice if the dosage is too high.  At 

doses of less than 6 mg, I have observed that tamoxifen has few toxic side effects 

on the adult animal.  Indeed, doses of less than 8 mg per 40 g body weight show 

little effects other than a slight bone mass increase (Robinson et al., 1991).  

However, doses of less than 3 mg are needed to prevent death and reabsorption of 

embryos.  This lethality is stage dependent.  At E8.5, after injection of 3 mg/40g 

body weight, only 63% of embryos were able to make it to term.  With higher doses 

(6 mg and 9 mg/40 g body weight) at the same injection time, all embryos failed to 

develop to term although most were viable at E13.5 (72% and 63%, respectively) 

(Hayashi and McMahon, 2002).  At later time points, E11.5 to E14.5, more embryos 

can make it to term than an injection at E8.5.  However, injection at E15.5 or later 

has been observed to induce premature delivery and death of the embryo.  For my 

experiments, I have adopted a standard injection of tamoxifen (protected from the 
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light) where 2 mg/40 g body weight is initially injected at E10.5 to E15.5.  Based on 

the outcome of those studies, the amount injected can be changed to accommodate 

experimental needs. 
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TAMOXIFEN PREPARATION 
(Modified From Correspondence with Dr. Ralph DiLeone) 

 

Tamoxifen must be in solution to administer it to mice.  It is a hydrophobic molecule, 

so ethanol and oil are used to make a suspension.  An alternative to tamoxifen is 4-

OH-TM.  It is a metabolite of TM and more active than the parent.  It is more 

expensive and seems to be used just for cell culture.  Tamoxifen is light sensitive, so 

be careful to wrap in aluminum foil when possible.  The standard concentration for 

TM solutions is 10 mg/ml. 

 

Recipe to make Tamoxifen solution:  

(TM purchased from Sigma, Cat No. T5648, CAS No. 10540-29-1) 

1. Store TM powder at 4º C in dark, dry place. 

2. 200mg dissolved in 2mL 100% EtOH.  Vortex very well until in solution.  It 

probably will not fully dissolve.  To finish, dip at 370C in 30 sec intervals 

separated by vortexing.   

3. Add 18mL of sunflower oil.  Gently invert several times to homogenize the 

mixture. (Do not autoclave sunflower oil because it breaks down the oil.  Oil 

does not need to be sterilized.) 

4. To get everything into solution and remove bubbles, sonicate 3-5min.  Works 

best in sonicator for tool cleaning.  Use beaker with ice and water mixture. 

5. Freeze in 1 ml aliquots at –200C, stable for several months. 
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6. To thaw, put in 370C bath.  Once thawed, keep in a beaker with 37º C water 

to keep steady temperature until injection, or keep in water bath at 37º C.  

This prevents precipitation and makes injection much better. 

7. Use a 25 gauge needle for IP injection. 
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TAMOXIFEN INTRAPERITONEAL INJECTION 

Tamoxifen (TM) can be administered either orally or parentally.  Oral administration 

is preformed by gavage while parental administration is given by intraperitoneal (IP) 

injection.  IP injection seems to deliver a more consistent dose that I have 

characterized better for activation versus toxicity issues.  Tamoxifen is light 

sensitive, so be careful to wrap in aluminum foil when possible. 

IP injection of pregnant female mice: 

1.  Weigh female.  The amount of TM to be injected is standardized between mice 

based on the weight of the animal.  Calculate the total mass (in mg) of TM to be 

injected by multiplying the mouse body weight by X mg (experimenter’s choice) 

and dividing by 40 g of standard body weight (bw).  The standard amount of 

injections is 2 mg/40 g body weight.  For example: 

 30 g female   x       2 mg      = 1.5 mg to be injected 
               40 g bw 

2.  Thaw TM. Put aliquot in 370C bath.  Once thawed, keep in a beaker with 37º C 

water to keep steady temperature until injection, or keep in water bath at 37º C.  

This prevents precipitation and makes injection much better.  Keep in water bath 

until ready to inject.   

3.  Use a 1 ml syringe with a 25 gauge needle.  Draw up TM through the needle, 

slowly to avoid bubbles.  Do not draw into same syringe more than once.   

4.  Standard IP injection.  Grab mouse by scruff of neck and hold tail.  Inject IP in the 

midline.  Be careful not to penetrate diaphragm or other internal organs.  Inject 

anterior to the uterus to avoid direct injection into embryos or puncture of yolk 
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sacs as this could cause spontaneous abortions.  Slowly push TM-oil mixture as 

it is very viscous. 

5.  Dispose of needle by proper methods.  Observe mouse for several minutes to 

make sure it survived.   

6.  Record amount of TM injected, time, weight and animal number in appropriate 

log. 

7.  Unused TM can be reused once by freezing it to -20º C, but it should not be 

reused more than once as freeze thaws may damage the suspension 

 

 
 



 

CHAPTER 3 
Production and Handling of BAC Transgenic Mouse Strains 

 
RATIONALE 

 The initial goal of the production of these BAC transgenics was to produce a 

Mash1 reporter system that more fully recapitulated Mash1 expression by including 

the vast majority of possible regulatory elements.  Previous Mash1 reporter 

constructs have attempted to recapitulate the expression pattern of Mash1 in order 

to study its regulation and function, but have not fully reproduced its expression.  

The cosmid system (Verma-Kurvari et al., 1996; Verma-Kurvari et al., 1998) was 

able to reproduce the CNS expression to some extent, but it was unable to 

reproduce Mash1’s PNS expression.  In addition, it was a co-integration of three 

separate but overlapping pieces of cosmid DNA which leaves open the possibility of 

improper alignment of regulatory elements.  The expression from these reporters 

was also copy number dependent and not necessarily reflective of the endogenous 

Mash1 expression level.  To address these issues, the bacterial artificial 

chromosome (BAC) transgenic system was chosen.     

 BAC transgenic studies that have been reported demonstrate its potential 

benefits as an improved transgenic system better reflecting endogenous expression.  

There are several benefits owing to the larger genomic sequence present.  First, the 

large size of DNA that the BAC can carry (an average of 190 kb) allows for a larger 

114 
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number of possible regulatory elements.  Second, there is more insulation of the 

reporter by flanking genomic DNA (potentially including MARS sites, ref).  

Expression appears to be consistently dependent on copy number.  Finally, the 

transgenic lines are more stable lines due to the lower frequency of integration (i.e. it 

doesn’t disrupt as many genomic regions).    

 

BAC LIBRARY SCREENING 

 The first step to making these BAC transgenic reporters was to find the 

appropriate BAC.  Initially, a BAC library was screened using the library produced by 

the Roswell Park Cancer institute (RPCI).  The library is based on a female 

C57BL/6J mouse.  Only half of the total library (5 plates) was screened, but these 

five plates covered the mouse genome with 5.9 times redundancy.  Radioactively 

end-labeled DNA probes were used to hybridize to the library plates.  Individual BAC 

clones were identified by specific patterns on the plate and translated using the key 

code provided by the company.  Once identified, they could be ordered through the 

RPCI website: www.bacpac.com.   

  The library was screened for the four major bHLH proteins studied in the lab, 

Mash1, Math1, Ngn1 and Ngn2.  Six clones were identified for each bHLH factor, 

and Mash1 was chosen for further investigation.  The lab acquired all the BAC 

clones for future study.  All of the BAC clones were verified for presence of the 

coding region of the individual bHLH using a dot blot preparation and PCR described 

below.  Unfortunately, it was discovered that four of the six clones identified as 
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containing Mash1 actually contained a close homolog, Mash2.  The DNA probe had 

cross-reacted with the Mash2 locus producing false positives.  This was identified by 

using a DNA probe to the Mash1 1.2 kb enhancer, J1EE, which is specific to Mash1 

and not Mash2.  Fortunately, two of the clones contained Mash1, RPCI-23 428P21 

and RPCI-23 330J7 (Fig 3.1).  These two BACs were characterized by end-

sequence PCR to determine how they overlapped.  The Celera database became 

available after identification of these initial BACs.  The sequence data from this 

database was used to define the sizes of both initial BACs.  Results from 

sequencing the ends 428P21 were necessary to define its size while 330J7 was 

already aligned in Celera.  The resulting alignment showed that 428P21 was 

approximately 300 kb with 100 kb 5’ and 200 kb 3’ of the Mash1 start codon while 

330J7 was approximately 204 kb with only 14 kb 5’ and 190 kb 3’.  By searching for 

the Mash1 coding region, I was able to identify additional BAC clones that contained 

the Mash1 coding region.  The database also allowed rapid characterization the 

regions both 5’ and 3’ of the Mash1 coding sequence which helped me ascertain 

which BAC contained potential enhancer elements and which ones lacked them.   

The additional BACs are RCPI-23 104G9, 153E4, 55P13 and RPCI-24 352F18, 

361L19, 130P7; and their characteristics are summarized in Fig 3.1. 

  

BAC RECOMBINATION:  HEINTZ PROTOCOL 

 Due to their size and the consequent duplication of restriction enzyme 

cleavage sites, BACs cannot be manipulated by traditional methods.  Instead, 
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methods have been developed to manipulate them using homologous 

recombination.  The method that I chose was developed by the laboratory of N. 

Heintz (see Methods).  The protocol uses two DNA sequences that are homologous 

to similar sequences flanking the desired region on the BAC to first integrate the 

reporter plus a necessary shuttle vector (SV), and then delete both the shuttle vector 

and any intervening sequence.  The recombination is accomplished by the 

introduction of the RecA gene into bacteria (DH5α) which normally do not contain 

this recombinogenic protein. 

 The time at which a neuron is born influences its identity.  Mash1 (and 

consequently, its reporter) is expressed over a relatively broad time span of 

embryogenesis.  The environmental cues during these different time periods 

influence cells to become different types that may or may not be influenced by 

Mash1 activity.  To better characterize the descendants of progenitors expressing 

Mash1, it was necessary to create a reporter that could be controlled in a temporal 

manner.  The best system available for such analysis was the tamoxifen inducible 

Cre-loxP reporter system (Danielian et al., 1998).  To use this more functional Cre 

reporter system, I made a second construct containing Cre fused to a tamoxifen 

inducible mutant form of the estrogen receptor (CreERTM).  In addition, I attempted to 

increase the expression level of the reporter by adding the bovine growth hormone 

poly-adenylation sequence just 3’ of the Cre-ERTM coding sequence.  This construct 

was recombined into the 428P21 back in a manner similar to that described above.  

This recombine BAC was named M1-CreERTM (Figure 3.2). 
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TRANSGENIC PRODUCTION 

 The M1-GIC or the M1-CreERTM BACs (Figure 3.2b,c) were prepared using 

the modified Qiagen Midi Prep procedure, and assayed for purity and concentration.  

This preparation was made fresh the day prior to pronuclear injection.  The optimal 

concentration of DNA injected had previously been reported as 1.0 ng/ul to 3.0 ng/ul.  

In practice, the 3.0 ng/ul concentration yielded fewer overall, viable mice, but a 

higher percentage of resulting transgenic mice.  The lower concentrations of BAC 

yielded more overall viable mice, but a lower percentage of transgenic mice.  

However, the total number of transgenic mice from a single round of injections 

seemed to be greater with the lower concentrations.  Therefore, the standard 

concentration for pronuclear injection of a BAC is 1.0 ng/ul.   

Transgenic mice were generated by standard procedures (Hogan et al., 1986) 

using fertilized eggs from B6D2F1 (C57B1/6 x DBA) crosses.  The BAC of interest 

was then injected into the pronucleus of fertilized mouse eggs at 0.3-3.0 ng/µl in 

10mM Tris pH7.5, 0.1mM EDTA, 100mM NaCl.  Injections were preformed by Adil 

Omer-Abdalla.   Multiple independent transgenic lines were obtained and tested for 

reporter expression. 
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INITIAL TRANSGENIC CHARACTERIZATION 

Presence of genotype by PCR and Southern Blot 

Transgenic animals were identified by PCR analysis using tail or yolk sac 

DNA with primers to CRE: 5’ GGACATGTTCAGGGATCGCCAGGCG 3’ and 5’ 

GCATAACCAGTGAAACAGCATTGCTG 3’.  Three founders were identified 

following injection of M1-GIC and three founders were identified following injection of 

M1-CreERTM.  The presence of the transgene was confirmed by Southern plot 

analysis using a probe to either the GFP coding sequence or the Cre coding 

sequence, respectively.   

 

Copy Number Estimate 

 Past BAC transgenic studies have suggested that the expression level from 

these reporters is directly proportionate to the number of construct reporters present 

in the line.  The number of reporter copies present in the M1-GIC reporter lines was 

estimated using Southern blot hybridization.  The mutant DNA fragments were 

identified by hybridization to either a GFP probe or a Cre probe.  As an internal 

control, a probe to the Mash1 coding region was used.  The intensity of this genomic 

control probe should be equal to that of two copies due to the wild-type complement 

of two alleles of Mash1.  Using this comparison, I established that of the three M1-

GIC mouse lines, one had approximately one copy, another 2 copies and a third had 

approximately 4 copies (Figure 3.3).  The observed expression level of the reporter 

in these lines correlated to the number of copies of the BAC reporter.  The 
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expression from all three reporter lines seemed less than previous transgenic lines.  

To bias the system toward including all cells possible, we chose the third line, B1A-

2, which had the highest expression and most copies of the BAC transgene for the 

majority of experiments. 

 

Phenotypic Analysis: M1-GIC and M1-CreERTM transgenic mice recapitulate 

Mash1 expression 

 The ideal reporter system would mimic the endogenous expression in 

location, timing and level. It is important to understand the characteristics of an 

individual reporter because it will aid the interpretation of data collected from it.  All 

genotype positive lines produced by pronuclear injection were assessed for 

phenotypic expression of the reporter line.  The founder M1-GIC males were 

crossed with BDF1 females and embryos were harvested at E11.5.  By whole mount 

GFP fluorescence, all three transgenic lines produced phenotypically positive 

embryos, and the expression level roughly corresponded with the construct copy 

number present in the founder.  The expression pattern corresponded well to the 

overall expression pattern of Mash1 (Figure 3.4a).  In fact, the expression pattern 

better reflected the endogenous Mash1 expression than any previous reporter 

construct, and the fact that all genotypically positive lines produced phenotypically 

positive embryos make the reporter more consistent than previous traditional 

reporters.   
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Analysis of GFP in M1-GIC embryos demonstrates the BAC sequences 

contain sufficient information to direct expression specifically in Mash1 domains 

including the olfactory epithelium, the autonomic ganglia, and the enteric nervous 

system, the dorsal neural tube from the hindbrain caudally to the tail, the rostral 

neural tube reflecting the ventral telencephalon, diencephalon, mesencephalon, 

(Figure 3.4). Regulatory sequences in the Mash1 gene that direct expression to the 

olfactory epithelium, the autonomic ganglia and enteric nervous system, as seen 

here, were not reliably detected when shorter sequences (36 kb) were tested 

(Verma-Kurvari et al., 1996). Thus, additional regulatory information is contained in 

the 300 kb sequence tested in the BAC that was not present in the 36 kb.  

Comparison of Cre and Mash1 expression by mRNA in situ hybridization 

demonstrates Cre in both reporter lines is present in a Mash1-specific pattern in the 

spinal neural tube (Fig. 3.4d-l).  Furthermore, the activity of the Cre recombinase in 

both transgenic lines was demonstrated by crossing the mice with the Cre-reporter 

mouse line, R26R-lacZ or R26R-YFP (Soriano, 1999; Srinivas et al., 2001) .  An 

E11.5 whole mount X-gal stained M1-GIC;R26R-LacZ embryo reports the cells or 

their progeny that have expressed active Cre any time prior to that stage (Figure 

3.2d and Figure 3.4b). The lacZ pattern is consistent with the Mash1 pattern of 

expression and reflects that seen for GFP in this line (Fig. 3.4b).  For comparison, 

E11.5 M1-CreERTM;R26R-lacZ embryos, induced by tamoxifen injections at E9.5 

and E10.5, were analyzed in whole mount and reveal an expression pattern similar 

to that seen in M1-GIC (Fig. 3.4c).  The noted exception is the expression in the limb 
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buds which we have not determined if this expression reflects ectopic expression or 

previously unappreciated expression.  Thus, we have generated two new Cre-

expressing transgenic mouse strains that express constitutive or inducible Cre in a 

pattern recapitulating endogenous Mash1. 

Unfortunately, the expression level of the M1-GIC construct was weak relative 

to traditional transgenic reporter lines.   We interpret this as an inability of the 

reporter to accumulate to detectable levels within the cells expressing only low levels 

of Mash1.  In this sense, M1-GIC can be interpreted to reflect endogenous Mash1 

expression at higher levels.  Based on counts presented in further data (see Chapter 

4), the efficiency of recombination (i.e. the reliability of the lineage trace) can be 

calculated at approximately 50% based on the dI5 population.  In practical use of 

this reporter system, regardless of the expression level, it is difficult to rule out 

lineage that are not Mash1 descendants because the system is not one hundred 

percent efficient.  Rather, by looking at multiple mice it will be able to include the 

most common lineages and provide evidence that Mash1 is primarily expressed in 

those lineages.    

The Mash1 locus driven tamoxifen-inducible Cre line, M1-CreERTM, was 

characterized in a similar manner as M1-GIC.  It too reproduced Mash1 expression 

grossing in the appropriate areas of the CNS (Fig 3.4g,j).  It is more difficult to 

characterize this line’s expression due to its temporal nature.  It was expressed in a 

seemingly ectopic area, the base of the limb bud.  Mash1 expression has not been 

reported there, but to the best of my knowledge, it has not been studied. 
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Induction of CreERTM activity by use of Tamoxifen 

 The tamoxifen inducible Cre-loxP system works using estrogen receptor (ER).  

The ligand-binding domain of the ER has been well characterized, and various 

mutations have been found that perturb estrogen binding (Danielian, 1998).  In the 

wild-type state, the ER is sequestered to the cytoplasm by heat shock protein 90 

(HSP-90) (Mattioni et al., 1994; Picard et al., 1990).  This renders it inactive as its 

targets are present in the nucleus.  Upon estrogen hormone binding, the chaperone 

is released, and the ER-estrogen complex is now free to translocate to the nucleus 

where it activates transcription.  Several mutations in the ligand-binding domain 

(amino acid residues 281-599) have been found that endow it with the ability to bind 

specific synthetic hormones while decreasing its affinity for estrogen.  One such 

mutation, Gly-525-Arg, allows tamoxifen to bind and activate the receptor while 

decreasing its affinity for estrogen by 1000 fold (Danielian et al., 1993; Littlewood et 

al., 1995; Parker et al., 1993).  In practical application, the binding of estrogen is 

negligible while tamoxifen remains able to induce activation of the receptor. The Cre 

recombinase has been fused to the C-terminal ligand-binding domain of the 

estrogen receptor to control the activity of Cre (Danielian et al., 1998).  Based on the 

known mechanism of the ER, this inducible system works to sequester Cre to the 

cytoplasm until tamoxifen is introduced.  The tamoxifen triggers the nuclear 

translocation of Cre which is now able to recombine any targets available in the 

genome.  This inducible Cre system can be used just as any previous Cre-loxP 
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system. Only a slight reduction in recombination efficiency has been observed when 

compared to normal Cre recombination, but the actual decrease has been difficult to 

quantitate (Danielian et al., 1998; Hayashi and McMahon, 2002).  In the studies 

described below, I have used it in combination with the R26R-lacZ and R26R-YFP 

reporters to trace the lineage of Mash1 descendents in a time dependent manner.   

 The kinetics of tamoxifen uptake and elimination define the ability of the 

CreERTM system to trace cells in this system.  Tamoxifen is a light-sensitive 

molecule which should be kept in mind during its administration.  Tamoxifen is 

metabolized by the liver into either 4-hydroxytamoxifen or N-desmethyltamoxifen, 

and then it is eliminated by the kidney (Robinson et al., 1991).  The metabolite, 4-

hydroxytamoxifen, is actually more potent than the parent molecule while it is 

unclear how similar the actions of N-desmethyltamoxifen are to the parent (Robinson 

et al., 1991).  Oral administration of tamoxifen results in peak levels 3-6 hours after 

oral administration of 200 mg/kg of tamoxifen (Figure 3.5a).  The rate of elimination 

(t1/2) of tamoxifen, N-desmethyltamoxifen, and 4-hydroxytamoxifen is 11.9 hr, 9.6 hr, 

and 6 hr respectively (Figure 3.5a, (Robinson et al., 1991)).  These studies indicate 

that tamoxifen becomes rapidly available after administration and then is cleared to 

an appreciable amount within 24 hours (i.e. 2 half-lives of tamoxifen elimination).   

Recombination activity of the CreERTM inducible system is governed by 

tamoxifen drug kinetics and the kinetics of the CreERTM protein.  For the inducible 

Cre system, tamoxifen is injected into the intraparatoneal cavity in a sunflower or 

corn oil solution to induce the quickest peak level of tamoxifen.  Due to this method 
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of induction, the drug probably becomes bio-available quicker than the previously 

studied oral administration although conclusive data has not been collected.  So, 

peak levels of tamoxifen may be reached in less than 3 hours meaning that Cre 

activity may be seen very quickly after injection.  The elimination rate of tamoxifen 

and its metabolites is likely not to change as this is independent of the route of 

administration, but the total time that tamoxifen is available decreases due to the 

faster initial bio-availability.  Tamoxifen clearance should not be confused with 

inactivation of Cre recombination, but rather, the turnover of the CreERTM protein is 

responsible for the inactivation phase of this system. The best evidence of how 

CreERTM activation and inactivation is that it translocates to the nucleus within 24 

hours, but cannot be detected within the nucleus after 48 hours (Hayashi and 

McMahon, 2002).  This data definitely gives us an end point of when this system is 

inactivated, but it leaves a 24 hour gap in our knowledge of when this system is 

inactivated. Empirical data shows induction of Cre activity within three hours of 

injection based on the R26R-lacZ reporter.  This expression is weak and can only be 

seen with higher doses (6 mg/40 g body weight).  Activity continues to increase from 

3 hours to 24 hours post injection where it hits a subjective plateau in vivo.  In vitro, 

activation continues to increase through 48 hours post-induction.  The induction is 

also dose dependent where doses less than 1 mg provide only minimal activation of 

Cre recombinase activity and doses greater than 3 mg produce maximal reporter 

activity.  Based on this data, the CreERTM system can be expected to turn on rapidly, 

driving maximal expression of reporters within 24 hours, but inactivated within 48 
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hours if not less (Hayashi and McMahon, 2002).  This time frame should allow the 

separation of temporal events a minimum of 24 hours apart although a 48-plus hour 

separation period would provide a more complete separation of the events. 
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SUMMARY 

 By adapting and optimizing the existing protocols, I have generated two tools 

to study neural development in general, and more specifically, they study the 

regulation and function of Mash1.  Both reproduce Mash1 expression better than 

previous reporters making the data obtained more reliable, and they are more 

versatile due to their expression of Cre recombinase and its derivative CreERTM.  

Just by the initial characterization of these transgenic lines, it appears evident that 

the vast majority of Mash1 regulatory elements are located within this 300 kb 

surrounding the start codon.  This may include the insulating properties of large 

genomic stretches, but that remains to be investigated.  In addition, when compared 

to the RPCI-23-330J7 expressing EGFP, it appears evident that the enhancer 

driving expression in the PNS is located between 14 kb and 100 kb 5’ of the start 

codon.  In the following chapters these line are used to explore the expression 

pattern and function of Mash1 in the developing nervous system. 
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FIGURES 

Figure 3.1.   Relationship of genomic DNA inserts in BAC clones containing 

Mash1.   

 Eight BAC clones have been identified to contain the Mash1 coding region.  

They are represented to scale arranged around the Mash1 starting codon.  

The scale bar indicates that 3.0 cm is equivalent to 100 kb of sequence.  

RPCI-23 428P21 was chosen for future transgenic work because it appeared 

to contain the most genomic sequence flanking the Mash1 coding region. 

 

 
 



Figure 3.1: Alignment of BACs containing the Mash1 locus.
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Figure 3.2.  Mash1 Reporter Constructs and Lineage Tracing Scheme 

The BAC RPCI-23 428P21 was isolated from the Roswell Park Library and 

characterized to contain 100 kb of sequence 5’ of the Mash1 start codon and 

200 kb of sequence 3’ of the Mash1 start codon (A).  Homologous 

recombination in bacteria containing the 428P21 BAC was used to precisely 

replace the Mash1 coding region with EGFP-IRES-CRE (B) or CreERTM – pA 

(C). (C) pA is the bovine growth hormone polyadenylation signal.  (D) The 

R26R-lacZ and R26R-YFP Cre reporter systems were made in similar 

manners with an identical activation sequence.  loxP sites flank the Neo gene 

and multiple stop codons.  Cre activity removes the intervening sequence by 

recombing the two loxP sites.  Once this process occurs, the RosA promoter 

drives expression of the lacZ or YFP reporters in a nearly ubiquitous manner. 
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Figure 3.3.   Estimation of Transgenic Copy Number.   

 Southern analysis was used to estimate the number of copies of the 

transgenic M1-GIC construct by comparison to the endogenous Mash1 

alleles.  B1A-5 and 6 were estimated to contain approximately one copy, 

B1A-8 – two copies, and B1A-2 – four copies. 
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Figure 3.4.  Mash1 Reporter Constructs Recapitulate its Expression 

The expression pattern of M1-GIC and M1-CreERTM can be seen is quite 

similar to Mash1 as seen in whole mount embryos (A-C) and cross-section 

(E-L).  E11.5 whole embryos were processed for EGFP visualization or Xgal 

staining (A-C). (A) EGFP expressed from M1-GIC immediately post-harvest. 

(B) Whole mount Xgal staining of a mouse genetically M1-GIC;R26R-lacZ.  

(C) Whole mount Xgal staining of a mouse genetically M1-CreERTM;R26R-

lacZ and tamoxifen injected at E10.5. E11.5 embryo transverse sections were 

processed for mRNA in situ hybridization. The neural tube at the upper limb 

level stained with in situ probe to Cre show a similar pattern as the 

endogenous Mash1 probe (D-F).  Cross-sections though out the rest of the 

E11.5 embryo demonstrate the consistency of expression between the 

endogenous locus and the 428P21 BAC locus (G-L).  (G-I) Wild-type embryos 

stained by in situ for Mash1.  (J-L) M1-GIC E11.5 embryos stained by in situ 

for Cre reporter.  All observed areas look similar in Mash1 and Cre 

expression between normal Mash1 and M1-GIC in areas including olfactory 

bulb (arrow, G & J), olfactory epithelium (arrow heads, G & J), enteric nervous 

system (H & K), and sympathetic nervous system (I & L).   
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Figure 3.5. Tamoxifen Kinetics 

 Tamoxifen is metabolized post-injection.  The original chemical and its 

metabolites are cleared from circulation over a period of days.  Clearance of 

tamoxifen was compared in the mouse and rat after a one time oral dose of 

200 mg/kg (A) (adapted from (Robinson et al., 1991)).  The mouse rapidly 

cleared all forms of tamoxifen with a peak serum concentration approximately 

6-8 hours after ingestion (A).  Tamoxifen causes the translocation of ERTM 

fusion proteins.  By immunohistochemical analysis, ERTM was found in the 

nucleus 24 hours after IP injection, but cleared from the nucleus at 48 hours 

(Hayashi and McMahon, 2002). 
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Figure 3.5: Tamoxifen kinetics



 

CHAPTER 4 
Mash1 Required for Proper Specification of Dorsal Interneurons 

 

RATIONALE 

Mash1 is present throughout the mediolateral extent of the ventricular zone but is 

absent from post-mitotic, differentiating neurons of the mantle zone (Fig. 1.6b). This 

spatial pattern suggests that Mash1 is acting in progenitors and not maturing 

neurons.  Previous studies have shown that Mash1 is necessary for the neurons in 

the autonomic nervous system (ANS), but those studies did not show any gross 

abnormality in the structure of the spinal cord. As stated above, Mash1 is necessary 

for the proper formation of cell types in the Olfactory Bulb (Parras et al., 2004), 

hippocampus (Pleasure et al., 2000), telencephalon (Horton et al., 1999), and 

respiratory centers (Qian et al., 2002).  This raises the possibility that Mash1 is 

necessary for specific cell types in the spinal cord, and in the mutant, other factors 

compensate for its loss producing an apparently normal spinal cord that in fact lacks 

the proper composition of cells.   

This study focuses on the dorsal half of the developing cervical spinal cord as 

a model system for the action of Mash1 in the production of neurons. A separation 

exists in the ability to connect the Mash1+ progenitors with the cell type they 

become.  The common assumption was that Mash1 is expressed in the dorsal 

progenitors 3, 4 and 5 (dP3-5), so they must produce the dorsal interneurons 3, 4 
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and 5 (dI3-5).  However, this is circular logic because the dorsal progenitors have 

been defined by their juxtaposition to the dorsal interneuron populations.  More 

rigorous experiments are necessary to display the proper connection of progenitors 

to their descendant neurons. 

Disconnection between a Mash1+ cell and its descendants has made it 

difficult to understand the role of Mash1 in specification of particular neurons, or 

even establish if Mash1 is involved in lineage determination.  To bridge this gap, I 

have employed the reporter systems of both M1-GIC and M1-CreERTM to trace the 

descendants of Mash1+.  Both lines were crossed to the Cre reporter lines R26R-

lacZ and R26R-YFP to trace the descendants of Mash1+ cells.  In addition, these 

tools have allowed me to address the nature of Mash1 function in the fate 

specification of these neuronal cell types by utilizing the Mash1 null mutant.   
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RESULTS 

 

Mash1 positive cells become dI3 and dI5, but not dI4 neurons 

Given the presence of Mash1 in the ventricular zone throughout the 

dorsoventral domain adjacent to dI3, dI4, and dI5 neurons, we hypothesized that 

Mash1 cells should produce these three interneuron types.  Using the recombination 

based lineage tracing system in vivo, Mash1+ cells were characterized at embryonic 

day 11.5. The M1-GIC transgenic mouse was utilized.  By crossing this line with a 

Cre reporter line R26R-YFP, any cell that has expressed the transgene will be 

permanently labeled with YFP (Srinivas et al., 2001).  

Embryos at E11.5 were examined by triple-label immunofluorescence to 

determine the fate of Mash1+ cells in the dorsal neural tube. An antibody to GFP 

detects GFP and YFP simultaneously, and thus, these cells are referred to as 

GFP/YFP-positive cells. GFP/YFP-positive cells in the marginal zone were counted 

and scored for co-labeling with markers of dI2-dI6 neurons (Figure 4.1). The majority 

of GFP/YFP+ cells become dI5 (Lmx1b, 73%) and dI3 (Isl1, 17%), rarely, dI2 

(Lhx1/5;Brn3a, 2%) and no dI6 (Lhx1/5, 0%), consistent with the requirement for 

Mash1 specifically in dI3 and dI5 (see data below). A notable percentage of 

GFP/YFP-expressing cells co-label with dI4 (Lhx1/5, 8%) suggesting a Mash1+ cell 

can become a dI4 neuron. However, this only represents a small percentage of the 

dI4 cells generated (~3%) and when identified, these co-labeled cells border the dI3 

and dI5 domains (Figure 4.1E, arrow). We estimate that Cre induced recombination 
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of the reporter gene in the M1-GIC embryos is approximately 50% since essentially 

all dI5 neurons require Mash1 (see data below), but we detect only 52% of the dI5 

neurons co-labeled with GFP/YFP (44 of 85 total Lmx1b cells). Furthermore, since 

we detect 25% of the dI3 neurons co-labeled with GFP/YFP (9 of 35 total Isl1 cells), 

using the efficiency factor we predict ~50% of dI3 neurons are derived from Mash1+ 

cells, consistent with the partial loss of dI3 detected in the Mash1 null (see data 

below, Fig. 4.2).  

 

Mash1 is required for the formation of dI3 and dI5 neuronal populations 

It was a surprising finding that Mash1+ cells only trace to dI3 and dI5 

interneurons.  To understand the functional connection between Mash1 and its 

progeny, Mash1 null embryos were analyzed for alterations in the number of dI2-dI6 

neurons using multi-label immunofluorescence at E10.5 (work initiated by Amy 

Helms, post-doctoral fellow). The neurons are defined by the presence of HD 

transcription factors, their position in the dorso-ventral axis, and a birthdate prior to 

E11.5 (Figure 1.5). Although Mash1 is in the ventricular zone cells adjacent to dI3, 

dI4, and dI5 neurons, in the Mash1 null there is a striking loss of only two of these 

populations. There is a 70% loss of dI3 neurons (Isl1) and a complete loss of dI5 

neurons (Lmx1b) (Fig. 4.2, compare E to F and I to J). In contrast, there is a 

dramatic increase in dI2 (Lhx1/5;Brn3a) and dI4/6 (Pax2) neurons, which appear to 

fill in at the location of the missing dI3 and dI5 neurons (Fig. 4.2, compare A to B and 

 
 



142 

I to J). These results demonstrate the requirement for Mash1 in the formation of both 

dI3 and dI5 neurons, and the repression of dI2 and dI4/6 neurons.   

 

Mash1 is sufficient for the formation of dI3 and dI5 neuronal populations 

 To corroborate the conclusions from the Mash1 loss-of-function analysis, 

over-expression of Mash1 in the chick neural tube was used to test whether Mash1 

is sufficient to promote dI3 and dI5 neuronal fates (work done by Tandi Collison, Yuji 

Nakada, and Amy Helms).  A Mash1 expression plasmid (pMiWIII-Mash1) was 

electroporated into chicken embryos at HH13-14 and its effect on dorsal neuronal 

markers was analyzed 24 hours later.  Excess levels of Mash1 increased the 

number of dI3 (Isl1) and dI5 (Lmx1b) cells as compared to the control side (Figure 

4.3C,G, right panel of each pair is the injected side).  Furthermore, excess Mash1 

decreased the number of dI2 (Lhx1/5;Brn3a) and dI4 (Pax2) neurons (Figure 

4.3A,E). These results are opposite of that seen in the Mash1 null, and demonstrate 

that Mash1 is sufficient for the generation of dI3 and dI5 neurons. Interestingly, the 

increase observed for each marker does not generally extend over the whole 

dorsoventral length of the neural tube, but rather it is localized around the area of its 

normal expression domain.  This suggests that regional differences along the 

dorsoventral axis modulate the activity of Mash1, and demonstrate the context 

dependent nature of its specification function.  
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Mash1 null cells are stalled in the ventricular zone at E11.5 but do not appear 

to trans-differentiate into dI4 neurons  

Analysis of the Mash1 knockout revealed the loss of dI3 and dI5 with an 

increase in dI2 and dI4/6 that appeared to complement the loss (Fig. 4.2). To 

determine if the cells that would have become dI3 and dI5 switch their fate to dI2/dI4 

in the absence of Mash1, we examined these neuronal populations in M1-

GIC;R26R-YFP;Mash1-/- embryos at E11.5. The first phenotype noted was that the 

GFP/YFP level is much higher in the mutant as compared to wild-type (Fig. 4.4). 

This difference in level reflects the negative autoregulation at the Mash1 locus that 

has previously been reported (Casarosa et al., 1999; Horton et al., 1999; Meredith 

and Johnson, 2000). The Mash1 null sections showing GFP/YFP (Fig. 4.1B,D,F) 

were imaged at much lower GAIN than similar sections from embryos wild-type for 

Mash1 (Fig. 4.1 A,C,E) (see Fig. 4.4 for images with matched GAIN).  

Other than negative auto-regulation, the most dramatic phenotype detected 

using these mouse strains is that the cells that should have expressed Mash1 

(GFP/YFP) appear stalled in the ventricular zone with only a few cells detected in 

the marginal zone (Fig. 4.1 B,D,F).  This is supported by the precipitous decrease in 

number of GFP/YFP+ cells seen laterally (Table in Fig. 4.1).  TUNEL labeling shows 

no detectable increase in cell death in the neural tube at E10.5 and E11.5 (data not 

shown). Taken together, the precursors to dI3 and dI5 are not leaving the ventricular 

zone in the Mash1 null at E10.5/E11.5, and do not appear to significantly contribute 

to the increase in dI2 and dI4 since there was no increase in the proportion of 
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GFP/YFP cells co-labeled with dI2 and dI4 markers (Fig. 4B,D,F). Thus, the ectopic 

dI2 and dI4/6 neurons in the Mash1 null at E10.5 cannot be accounted for by a 

switch in fate of dI3 and dI5 precursor cells. Furthermore, cells with undetectable 

levels of Mash1 must give rise to dI2 and dI4/6 neurons, and the number of these 

cells increase in the Mash1 knockout.  
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SUMMARY 

Taken together, these results suggest that Mash1 is both necessary and 

sufficient for the generation of dI3 and dI5 neurons a cell-autonomous fashion.  In 

the absence of Mash1, the normal progenitors of dI3 and dI5 do not trans-

differentiate; rather, they remain in the ventricular zone and do not express normal 

differentiation markers.  Additionally, it demonstrates that dI2, the majority of dI4, 

and dI6 neurons develop from alternative progenitors that contain Mash1 at levels 

lower than what can be detected using this transgenic reporter mouse line.   
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FIGURES 

Figure 4.1.  Mash1 cells primarily become dI3 and dI5 neurons.  

Immunofluorescence on transverse sections of Mash1+/- (A,C,E) or Mash1-/- 

(B,D,F) mouse embryos at E11.5 containing the transgene M1-GIC and the 

Cre reporter allele R26R-YFP. (A-F) anti-GFP antibodies detect both GFP 

from M1-GIC and YFP when R26R-YFP reports the Cre activity from M1-GIC. 

The cells labeled green reflect cells with Mash1 or progeny of Mash1+ cells. 

(A,B) Brn3a;Lhx1/5 (pink) label dI2. These cells would appear white if they co-

labeled with antibodies to GFP/YFP. The absence of white cells indicate dI2 

do not derive from Mash1+ precursors (A). (C,D) Brn3a;Isl1 (pink) label dI3. 

White cells indicate co-labeling with antibodies to GFP/YFP and demonstrate 

Mash1+ cells give rise to dI3 neurons (C, arrowheads) and these cells are 

absent in the null (D). (E,F) Lmx1b (red) labels dI5. The co-labeling with 

GFP/YFP (yellow) indicates dI5 are derived from Mash1+ cells (E, 

arrowheads) and these cells are absent in the null (F). Lhx1/5 (blue) labels 

dI4. Co-labeling with GFP/YFP (turquoise) indicates rare dI4 cells derived 

from Mash1+ cells (E, arrow), and these cells do not increase in Mash1-/- (F). 

Note that the increase in dI2 and dI4 seen at E10.5 cannot be attributed to 

fate switching of dI3 and dI5 precursor cells. The color of each neuronal 

population is shown on the left without and with (black background) co-

labeling with the GFP/YFP. The total number of cells for each neuronal sub-

type and the number of each that co-labels with GFP/YFP are shown in the 
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table. Individual populations in each mutant were counted on at least three 

sections from at least three embryos each. Scale bar is 25 µm. 
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Figure 4.1: Mash1 cells become dI3 and dI5 neurons
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Figure 4.2. Mash1 is required for dI3 and dI5 neuron formation. 

Immunofluorescence on transverse sections of neural tubes in wild type 

(A,E,I), Mash1-/- E10.5 mouse embryos. (A-D) Co-labeling with Brn3a and 

Lhx1/5 (yellow) marks dI2 neurons. There is a significant increase in dI2 

neurons in the Mash1-/- embryos relative to wild type. (E-H) Isl1 identifies dI3 

neurons (green). In the Mash1-/- mutant embryos, there is a dramatic 

decrease in dI3 neurons relative to wild type. (I-L) Pax2 marks dI4 and dI6 

neurons (green), and Lmx1b labels dI5 neurons (red). In the Mash1-/- 

embryos, there is a complete loss of dI5.  dI4/6 neurons increase in the 

Mash1-/- relative to wild type embryos. Individual populations in each mutant 

were counted on at least three sections from at least three embryos each and 

cell counts are shown in the table. Because dI4 and dI6 neuronal populations 

cannot be distinguished in the Mash1 null, all Pax2 cells dorsal to the 

boundary where the first ventral Pax2 cell was found within the ventricular 

zone were counted, and as such, they are labeled as dI4/6. Scale bar is 50 

µm. (Contributed by Amy Helms). 
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Figure 4.3.  Excess Mash1 promotes dI3 and dI5 populations while repressing 

dI4.  

Immunofluorescence on transverse sections of E4 (HH13-14) chick neural 

tubes electroporated with pMiWIII-Mash1 (A,D,G,J) at E3 (HH23-24). The 

arrow above each row of panels indicates the electroporated side of the 

neural tube. Neuronal population dI2 was labeled by Brn3a;Lhx1/5 (yellow) 

(A,B), dI3 by Isl1 (C,D), dI4 by Pax2 (E,F), and dI5 by Lmx1b (G,H). Each 

panel is representative of the phenotype seen in at least three sections from 

at least three electroporated embryos. Relative induction or repression is 

expressed as the number of cells on the injected side divided by the number 

of cells on the control side and plotted in the graph on a logarithmic scale. ** 

indicates p<0.001. Scale bar is 25 µm. (Contributed by Yuji Nakada and Amy 

Helms). 
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Figure 4.4.  Mash1 negative auto-regulation phenotype is present in BAC 

transgenic systems. 

(A,E) Immunofluorescence using antibodies to detect GFP demonstrate 

expression of GFP in the Mash1 null background (E) is dramatically increased 

over wild type (A). These two images were taken at the identical GAIN to 

illustrate the difference in levels. This observation is consistent with the 

negative autoregulation of the Mash1 locus previously reported (Horton et al., 

1999; Meredith and Johnson, 2000). The expression of GFP in a wild-type 

background is detected by antibody with an optimized gain in Panel (D).  It is 

compared to Mash1 expression in (C) and the overlap of expressions is 

shown in (B). (F) Because the persistence of GFP is found continuously 

throughout the lateral regions adjacent to dI3-dI5, but Mash1 is not required 

for dI4, we used Lhx1/5, a marker of dI4/6 to examine co-labeling with the 

GFP. Immunofluorescence using antibodies to detect GFP (green) and 

Lhx1/5 (red) shows very little overlap of GFP from the M1-GIC line with the 

dI4/6 population consistent with conclusions drawn from Fig. 4. Scale bar is 

175 µm in (B,F) 100 µm in (C-E) and 50 µm in (G).  (In collaboration with Amy 

Helms) 
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Figure 4.5:  Mash1 is expressed in mitotically active cells 

 Immunoflourescence of E10.5 spinal neural tube showing the overlap of 

Mash1 (red) and BrdU (green) (arrows, A & B).   (A) Shown here is the ventricular 

zone of the dorsal neural tube.  (B) Shown here is a higher magnification 

corresponding to the box in (A).   
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Figure 4.5: Mash1 is expressed in mitotically active cells



 

CHAPTER 5 
MASH1 DEFINES LINEAGE-RESTRICTED NEURONAL AND 

OLIGODENDROCYTIC PRECURSOR CELLS IN SPINAL CORD 
DEVELOPMENT 

 

RATIONALE 

 

Multi-potent neural progenitors from the neural plate must produce all the 

cells in the CNS, but the cellular and molecular mechanisms responsible for this are 

still in debate.  Current theories suggest that cells in the pseudostratified neural plate 

pass through a radial cell or a “radial” state where they produce neural cells by 

asymmetric division (Anthony et al., 2004; Gotz and Barde, 2005; Malatesta et al., 

2003).  The progenitor makes two daughter cells, one remains as a progenitor while 

the other begins to differentiate and exit the cell cycle. Those remaining radial glia 

eventually lose their radial nature in a final or terminal symmetric division, thereby 

depleting the stem cell population.  Alternatively, radial glia can produce astrocytes 

as an end-state differentiation or a very small number remain as stem cells near the 

central canal into the adult spinal cord.  Evidence exists that some oligodendrocytes 

deviate from this plan by leaving the ventricular zone as a mitotically active but 

lineage restricted oligodendrocyte precursor cell (OPC) (Altman, 2001).  This lineage 

pattern is the current dogma, but it is still in debate and limited by the experimental 

evidence produced to date. 
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Previous studies have only been able to evaluate large groups of cells over a 

range of time in embryogenesis.  They have been unable to track a specific stem cell 

division-by-division to determine its path in vivo.  Instead, these studies have 

employed reporter constructs driven by more ubiquitous promoters such as the 

human GFAP promoter or the BLBP enhancer (Anthony et al., 2004; Gotz and 

Barde, 2005; Malatesta et al., 2003).  The broad extent of their expression blurs 

observation of how individual progenitors function.  An ideal system could analyze 

one stereotyped progenitor at a time and follow it throughout development to 

adulthood.  Current techniques do not approach this ideal, but new tools including 

progenitor specific promoters and temporally inducible reporters, are refining our 

studies.   

To look at a more limited set of progenitors, I have chosen the Mash1 locus 

due to its expression in a limited, defined domain of progenitors in the spinal 

ventricular zone.  In addition, Mash1 has been shown to be involved with neuronal 

specification and differentiation (Helms et al., 2005).  The expression and functional 

data suggest that it is present in limited number of progenitors as they make lineage 

decisions.  This data and knowledge of achaete-scute data make it likely that Mash1 

is express in multi-potent progenitors that produce neurons first, by asymmetric 

division, then glia later. This hypothesis would predict that progenitors of Mash1 

should be traced to a mixed population of descendants including neurons, 

oligodendrocytes and astrocytes.   

 
 



159 

The hypothesis that Mash1 is expressed in common progenitors will be tested 

using the M1-GIC and M1-CreERTM transgenic mouse lines.  The M1-GIC line will be 

used to trace the summation of all cells expressing Mash1 into the adult animal.  The 

M1-CreERTM line can refine that data by tracing Mash1 cells during discrete time-

points in development.  As a control, we have acquired a Nestin driven CreERT2 line.  

Nestin is has consistently been shown to mark early progenitors in the neural tube 

(Lendahl et al., 1990).  It is expressed in the ventricular zone and co-labels with 

mitotically active cells.  The expression of the Nestin promoter has been used to 

mark early neural progenitors.    This line has a tamoxifen inducible estrogen 

receptor – Cre fusion reporter similar to the M1-CreERTM line, but is driven by the 

Nestin promoter known to be expressed in early neural progenitors (Beech et al., 

2004).  The combination of data from these three lines will help to refine our 

understanding of progenitor nature. 

There are at least three possible outcomes for this study of Mash1 lineage.  

First, Mash1 could be present in multi-potent progenitors dividing asymmetrically to 

produce all three types of neural cells.  In this case, the reporter trace should mark 

neurons, astrocytes and oligodendrocytes.  Second, Mash1 could be present in a bi-

potent progenitor that produces only two types of neural cells.  This possibility would 

be demonstrated by traces to only these types of cells (e.g. only neurons and 

oligodendrocytes).   Third, Mash1 could be present in lineage restricted precursors 

for only one cell type at a time and not in a progenitor common to both cell types.  In 

this case, the reporter is expressed in neuron-restricted precursors during 
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neurogenensis, and later, expressed in different precursors restricted to the 

oligodendrocyte fate during gliogenesis.  This possibility could only be distinguished 

by the temporal induction of M1-CreERTM at separate time points since the 

constitutive activity of M1-GIC would display all the cells having expressed Mash1 

during development.  The Nestin-CreERT2 line will serve as a control in that it is 

expressed in multi-potent progenitors and when induced at a neurogenic time point 

as with M1-CreERTM, it should trace all neural cell types.  The three theoretical 

possibilities create a testable model to more precisely define the point of Mash1 

activity during the neural stem cell to neural cell progression. 
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RESULTS 

Mash1 expressing cells produce both neurons and oligodendrocytes 

 Mash1 is restricted to the ventricular zone in the neural tube and is known to 

be required for neuronal differentiation and specification of subsets of neurons in 

multiple regions of the nervous system. Some reports suggest that Mash1 may also 

be in cells that will become oligodendrocytes (Parras et al., 2004; Wang et al., 

2001). Since Mash1 disappears as cells exit the cell cycle and differentiate, the 

identity and extent of mature neural cells that comprise the Mash1 lineage is 

unknown.  Analysis of lacZ expression in P21 spinal cords of M1-GIC;R26R-stop-

lacZ mice reveal that the contribution of cells in the Mash1 lineage is broad in the 

spinal cord and includes cells located throughout gray and white matter tissue, and 

in cells surrounding the central canal (Fig. 5.1a & b).  This pattern was seen at all 

spinal cord levels.  

 The location of X-gal stained cells in both the gray and white matter 

suggested that neurons and glia were labeled. To determine the identity of these 

cells, P14 spinal cords of M1-GIC;R26R-YFP mice were analyzed by double-label 

immunofluorescence. As expected, many YFP+ cells in the gray matter co-labeled 

with the neuronal marker NeuN+ (Fig. 5.1c).  In addition, many YFP+ cells, 

particularly in white matter but also in the gray matter, co-labeled with two 

oligodendrocyte markers Olig2+ and APC+ (Fig. 5.1d,f,g).  In contrast, no YFP+ cells 

co-labeled with the astrocyte marker GFAP+ (Fig. 5.1e,h).  These results indicate 
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that neurons and oligodendrocytes, but not astrocytes, are derived from Mash1 

expressing cells.  

 

 

Rapid differentiation of Mash1+ lineage mapped cells 

During neural development, the ventricular zone of the neural tube contains 

progenitor cells that will give rise to neurons during the period of neurogenesis (E9-

E14) and oligodendrocytes during gliogenesis (E14-postnatal) (refs). At E10.5, 

Mash1 is present in ventricular zone cells, a subset of which will incorporate BrdU 

(Figure 4.5) (Helms et al., 2005). Thus, although Mash1 is best known for its function 

in neuronal development, the fate mapping data suggests it may function, or be 

present in, a progenitor common to both neurons and oligodendrocytes. 

Alternatively, Mash1 could be present in a neuronal restricted precursor during 

neurogenesis and in an oligodendrocyte restricted precursor during gliogenesis. To 

distinguish between these two possibilities, we used the temporal control afforded by 

the tamoxifen-inducible Cre-recombinase.  

If a common progenitor is marked, then lineage traced cells should distribute 

between mitotically active cells in the ventricular zone and newly differentiated cells 

lateral to this zone. This common progenitor type is illustrated using a novel Nestin-

CreERT2 mouse strain that has a tamoxifen inducible Cre (Indra et al., 1999) under 

the control of Nestin regulatory sequences, Nestin being a known marker for a 

common progenitor for neurons and glia (Zimmerman et al., 1994). R26R-YFP 
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females crossed to Nestin-CreERT2 males were injected with tamoxifen at 10.5 dpc 

and embryos harvested 24 h later. The YFP+ cells are scattered throughout the 

neural tube, present both in mitotically active cells in the ventricular zone and 

postmitotic cells in the mantle zone (Fig. 5.2c,f). In contrast, in M1-CreERTMpA;R26R 

-YFP embryos, YFP+ cells are found almost exclusively in the mantle zone, and they 

never co-label with Ki-67+ or BrdU+ (Fig. 5.2a,d, arrows, data not shown).  Within the 

activation and detection limits of the R26R-YFP Cre reporter system, cells rapidly 

lose progenitor cell identity after the activation of CreERTM by tamoxifen.  This 

suggests that Mash1+ cells, at least cells with high levels of Mash1, do not define a 

progenitor common to both neurons and oligodendrocytes but rather define lineage 

restricted precursors.  Furthermore, in the absence of Mash1, cells aberrantly persist 

in the ventricular zone, and some of these cells continue in the cell cycle as seen by 

Ki-67 co-labeling (Fig. 5.2b,e). 

 

Mash1 defines lineage-restricted precursors 

The results reported above show that although neurons and oligodendrocytes 

come from Mash1 expressing cells, cells labeled in this reporter system rapidly exit 

the cell cycle and differentiate. This suggests that Mash1is present in neuronal 

restricted cells during neurogenesis, but is also in oligodendrocyte restricted cells 

later, during gliogenesis. To test this interpretation, R26R-lacZ females crossed to 

M1-CreERTMpA males were injected with tamoxifen at 10.5 dpc (embryos 
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undergoing neurogenesis) or 15.5 dpc (embryos undergoing gliogenesis), and the 

resulting offspring were analyzed for lacZ expression at P21. 

Activation of Cre at E10.5 resulted in restriction of the lacZ reporter to 

neurons of the dorsal horn primarily in Lamina I-III although scattered cells were 

detected in other parts of the gray matter (Fig. 5.3b). Co-expression of ß-gal with 

NeuN but not APC confirmed the identity of these cells as neurons (Fig. 5.3e,f). X-

gal stained cells were noticeably absent from the spinal cord white matter and 

central canal (compare Fig. 5.1a,b and Fig. 5.3b). This is in contrast to what is seen 

with the Nestin-CreERT2 (Fig. 5.3d).  Activation of Cre in Nestin expressing cells at 

E10.5 and analysis at P21 resulted in lacZ expressing cells in both gray and white 

matter (Fig. 5.3d), in cells that express the neuronal marker NeuN or the 

oligodendrocyte marker APC (Fig. 5.3i,j). Together these results demonstrate that 

Mash1 defines a neuronal restricted precursor during neurogenesis. 

We know from lineage mapping with the constitutive Cre in M1-GIC that 

oligodendrocytes are also derived from Mash1 expressing cells (Fig. 5.1). To test if 

Mash1 is also in oligodendrocyte restricted precursor cells, we activated Cre 

recombinase at E15.5 and examined lacZ expression at P21. A majority of the cells 

expressing lacZ were scattered throughout the white matter and co-express the 

oligodendrocyte marker APC (Fig. 5.3c,h).  Some labeled cells were located within 

the gray matter, but these cells were NeuN negative confirming that they are not 

neurons (Fig. 5.3g).  There appeared to be no specific sub-localization within the 

white matter, however, the labeled cells often appeared as clusters. The lacZ 
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expressing cells did not co-express GFAP indicating that they are not astrocytes 

(data not shown). Thus, at E15.5, Mash1 is present in oligodendrocyte restricted 

precursors in the spinal neural tube. Taken together, these results place Mash1 in a 

neuronal restricted precursor or an oligodendrocyte restricted precursor, but not in a 

common progenitor for both. 

 

Mash1 facilitates restriction of progenitor cells to the neuronal lineage during 

neurogenesis 

It is known in the mouse and chick spinal neural tubes that Mash1 functions in 

neuronal differentiation and neuronal specification (Helms et al., 2005; Nakada et al., 

2004a; Nakada et al., 2004b).  Here we specifically address the role of Mash1 in the 

neuronal restricted precursors by following their fate in a Mash1 null background. 

M1-CreERTM;R26R-YFP;Mash1+/- or M1-CreERTM;R26R-YFP;Mash1-/- animals were 

analyzed for YFP expression at E17.5 (Fig. 5.4). In the presence of Mash1, the vast 

majority of YFP+ cells are neurons (89% NeuN+, Fig. 5.4a, Table 5.1). Only rarely, if 

at all, do the YFP+ cells express markers for oligodendrocytes (Sox10+ or Olig2+, 

Fig. 5.4b,e), astrocytes (GFAP+, Fig. 5.4c), mitotically active cells (BrdU+ or Ki-67+, 

Fig. 5.4f, and data not shown), or progenitor cells (Glast, Fig 5.4d). In contrast, YFP+ 

cells in the Mash1 null are less likely to become neurons (54% NeuN+, Fig. 5.4g, 

Table 5.1) and more likely to co-express markers of the other cell identities. There 

was a dramatic increase in Olig2+ oligodendrocyte precursors (16%, Fig. 5.4k, Table 

5.1) but not in mature oligodendrocytes (0.2% Sox2, Fig. 5.4h, Table 5.1). There 
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was also a dramatic increase in Glast+ progenitor cells (22%, Fig. 5.4j, Table 5.1), 

however, most of these cells were postmitotic (1.8% BrdU+ and 0.63% Ki-67+, Fig. 

5.4l, Table 5.1).  In addition, a small percentage of these YFP+ cells were GFAP+ 

(2%, Fig. 5.4i, Table 5.1). This shift in the fate of cells in the Mash1 null indicates 

that Mash1 is required for efficient differentiation of progenitors to a neuronal lineage 

during neurogenesis.     
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SUMMARY 

Mash1 defines a lineage restricted precursor pool for either neurons or 

oligodendrocytes, separately and dependent on the embryonic time point.  It 

promotes the loss of progenitor identity, and the acquisition of specific maturing 

neural cell identities.  In the absence of its expression, more cells remain as 

mitotically active progenitors and the product of those cells is dys-regulated 

producing cell different from the wild-type lineage.   
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FIGURES 

Figure 5.1 Summation of Mash1 lineage in the Spinal Cord 

 The Mash1 lineage was traced using the standard Cre reporter in M1-

GIC by crossing it to R26R-lacZ and R26R-YFP.  P21 M1-GIC;R26R-lacZ 

mouse spinal cords were processed for 150 µm vibratome cross-sections (A-

B).  Cervical and thoracic sections stained with Xgal show expression 

throughout the white and gray matter (A,B).  Panels C-H are 30 um sections 

of P14 M1-GIC;R26R-YFP mice stained with anti-GFP to show co-labeling 

with markers for neurons (NeuN, C) and oligodendrocytes (Olig2, F; APC, D, 

G), but not with markers for astrocytes (GFAP, E, H).  Panels C, D and E are 

in the dorsal horn while F, G, and H are in the dorsal columns.  Panel F is on 

the border of the dorsal column (left of the dashed line) and the dorsal horn 

(right of the dashed line).   
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Figure 5.1:  Summation of the Mash1 Lineage
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Figure 5.2 Mash1 promotes rapid exit from the cell cycle. 

 Immunoflourescence on transverse section of Mash1 +/+ (A,C,D,F) 

and Mash1 -/- (B,E) mouse embryos at E10.5 (A,B,D,E) or E11.5 (C,F) 

containing the transgene M1-CreERTM and the Cre reporter allele R26R-YFP 

(A,B,D,E), or the transgene Nestin-CreERT2 and R26R-YFP (C,F).  All 

embryos were injected with tamoxifen 24 hours prior to harvest.  For better 

observation, higher magnification images are presented (D-F) corresponding 

to the white boxes from A-C.  Anti-GFP antibodies detect YFP from R26R-

YFP.  These green cells reflect the progeny of Mash1+ cells (A,B,D,E) or 

progeny of Nestin+ cells (C,F) that expressed the reporter within 24 hours 

prior to harvest.  Mitotically active cells are marked by anti-Ki-67 antibody 

(red).  Yellow cells indicate co-labeling between the reporter and mitotically 

active cells.  The absence of such yellow co-labeling cells and general 

absence of cells from the ventricular zone suggests that Mash1+ precursor 

cells suggests that traced cells begin differentiation within 24 hours if not 

sooner (A,D).  By contrast, the Nestin promoted CreERT2 produces traced 

cells that are yellow, indicating that at least some of the VZ cells remain in a 

mitotically active, progenitor-like state 24 hours past induction.  In the Mash1 -

/- mouse embryo, M1-CreERTM-traced, Ki67+ mitotically active cells can be 

seen in the ventricular zone of the neural tube (arrows, B,E).  This indicates 
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that Mash1 is necessary for the loss of mitotic activity in differentiating 

neurons.   

 
 



Figure 5.2: Mash1 is necessary for rapid exit of the cell cycle
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Figure 5.3 Mash1 defines restricted precursors. 

 The diagramatic representation neural development in the mouse 

spinal cord was used to trace the Mash1 lineage during major neurogenesis 

(E10.5) or major gliogenesis (E15.5) separately (A).  Two separate litters of 

mice were induced at E10.5 or at E15.5, and the P21 M1-CreERTM;R26R-lacZ 

offspring were processed for Xgal staining on 150 µm vibratome transverse 

sections (B,C) or immunohistochemistry on 30 µm frozen sections (D-G).  

With induction at E10.5, the Mash1 lineage is concentrated in the dorsal horn, 

more specifically, in Lamina II & III although some cells can be observed 

nearby Lamina I & IV (B).  In contrast, with induction at E15.5, the Mash1 

lineage is concentrated in the white matter tracts (C).  Collective evidence 

from multiple sections and mice, suggest that there is no specific white matter 

localization but rather randomly clustered lacZ+ cells (C, data not shown).  

Immunohistochemistal analysis of E10.5 induced M1-CreERTM;R26R-lacZ 

mice on 30 um frozen sections stained with anti-b-galactosidase shows 

overlap (yellow cells) with neuronal markers (NeuN), but not oligodendrocyte 

markers (APC) (D-E).  Performing the same analysis on E15.5 induced mice, 

shows overlap (yellow cells) with oligodendrocyte markers (APC) but not 

neuronal markers (NeuN) (F-G).  VZ – Ventricular Zone 

 
 



Figure 5.3: Mash1 expression defines restricted precursors
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Figure 5.4 Mash1 is required to properly acquire the neuronal cell fate and lose 

progenitor identity at E10.5 

 Immunohistochemistry on transverse sections of Mash1 +/- (A-F) or 

Mash1-/- (G-L) mouse embryos at E17.5 containing M1-CreERTM;R26R-

RYFP and induced at E10.5.  All images are from the dorsal horn of the 

cervical spinal cord.  Anti-GFP antibody recognizing YFP (all panels) was 

compared to a panel of neural markers for co-labeling (yellow cells).  Neural 

antibody markers use include NeuN (neurons, A,G), Sox10 

(oligodendrocytes, B,H) and astrocytes (GFAP, C,I).  Additional markers were 

used to identify precursor-type cells – Glast (D,J) and Olig2 (oligodendrocyte 

precursor cells, E,K) – and mitotically active cells – BrdU (F,L).  The E10.5 

Mash1 lineage in heterozygous mice is only to neurons (A-F), but in 

homozygous mice, cells can be found to co-label with neuron markers and all 

other markers described above (G-L).  However, there are very few cells co-

labeling with Sox10 (H).  The YFP+ cell populations are quanitated in Table 

5.1.   
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Table 5.1 Quantitation of E10.5 Lineages in Mash1 +/- and Mash1 -/- 

Backgrounds 

 Immunohistochemical analysis was used to identify the YFP+ cells in 

E17.5 M1-CreERTM;R26R-lacZ mice with either Mash1 +/- or Mash1 -/- 

backgrounds.  A minimum of three sections from three separate embryos was 

counted.  All the YFP+ cells were counted and those co-labeling with each 

marker were counted and expressed as a percentage of the whole YFP 

population.  The differences in percentages between Mash1 +/- and Mash1 -/- 

were calculated by the student’s t-test and reported when p < 0.01 or p < 

0.001.  A significant decrease can be seen in the percentage of neurons in 

the population while there was little change in the percentage of 

oligodendrocytes.  In every other population, there was a significant increase 

in their percentage of the total YFP population suggesting that cell fate is 

dysregulated in the absence of Mash1. 

 

 
 



Ta
bl

e 
5.

1:
 Q

ua
nt

ita
tio

n 
of

 E
10

.5
 M

as
h1

 L
in

ea
ge

 in
 W

ild
-T

yp
e 

an
d 

M
as

h1
 N

ul
l M

ut
an

t

Ta
bl

e 
2:

  C
el

l F
at

es
 s

w
itc

h 
in

 th
e 

ab
se

nc
e 

of
 M

as
h1

 fu
nc

tio
n

N
eu

N
M

as
h1

 +
/-

M
as

h1
 -/

-

S
ox

10
G

FA
P

O
lig

2
G

la
st

B
rd

U
K

i-6
7

**
 p

 <
 0

.0
1

**
* p

 <
 0

.0
01

0%10
%

20
%

30
%

40
%

50
%

60
%

70
%

80
%

90
%

10
0%

**
*

**
*

**
*

**
*

**
**

88
.4

% 53
.7

%

0%
0.

2%
0%

0%
0%

0%

2.
3%

15
.5

%

0.
5%

22
.0

%

1.
8%

0.
63

%



 

CHAPTER 6 
Discussion and Future Directions of the Field 

 
 

MASH1 IS PART OF THE INTRINSIC CODE SPECIFYING DORSAL 
INTERNEURONS. 

 

Formation of the neuronal network in the dorsal spinal cord requires the 

generation of correct numbers of neurons with specified identities. Regulation of this 

process starts early in nervous system development as cells in the ventricular zone 

of the neural tube are a product of neurulation and mesodermal induction.  The 

progenitors have distinct identities that are determined or maintained by transcription 

factors of the HD and bHLH families. A large volume of evidence exists for the role 

of external cues in specifying neurons, but it is becoming evident that the internal 

environment of the progenitor tempers the external influence.  Here we demonstrate 

that Mash1 is in precursors to, and required for dI3 and dI5 neurons. Thus, the 

presence of Mash1 activity plays a central role in establishing the correct 

composition of neurons found in the dorsal spinal cord.  

The M1-GIC reporter provides positive evidence that dI3 and dI5 neurons are 

derived from progenitors expressing Mash1.  In addition, the data from the deletion 

and over-expression studies point to the function of Mash1 as vital to their proper 

differentiation.   
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Surprisingly, dI4 neurons do not appear to descend from Mash1+ cells.  This 

result could have been obtained for a number of different reasons.  (1) In these cells, 

the reporter is inaccurate and simply does not express at high enough levels to 

recombine and activate the RosA reporter. (2) Mash1 is actually expressed at a low 

concentration reflected by the low expression of the reporter.  (3) The construct is 

accurately reporting the fact that Mash1 is not expressed in these cells.  It would be 

very difficult to fully rule out the expression of any Mash1 in the progenitors to the 

dI4 population, but based on the co-localization of Mash1 with the reporter in the 

presumed “dP4” region of the ventricular zone, the evidence suggests that at best, 

Mash1 is expressed at levels lower than the limits of reporter detection.  Thus the 

strongest argument made with this reporter system is that dI4 cells are derived from 

progenitors expressing low or absent levels of Mash1. Additional data points to the 

lack of Mash1 function in the production of dI4 populations including the data that 

the dI4 population remains and is expanded in the absence of Mash1 function, and 

that dI4 markers are repressed by Mash1 over-expression.  If Mash1 truly had a 

positive effect on the production of dI4 cells regardless of its expression level, then 

an effect should have been seen in the gain and loss of function assays.  Thus, the 

mechanism for active production of dI4 cell specific markers seems not to include 

Mash1. Indeed, Mash1 has been observed to be at heterogeneous levels in the 

ventricular zone, suggesting that cells with high and low levels of Mash1 may be 

separate populations producing different cell-types (Helms, et al 2005).  This 

heterogeneity of expression may reflect function of the Notch-signaling pathway in 
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the neural tube at this time (Lindsell et al., 1996; Ma et al., 1997). Other intrinsic 

factors may play a parallel role to Mash1 in the true progenitors of the dI4 

population.  Regardless of detection limitations, the fact remains that is necessary 

and sufficient for the dI3 and dI5 populations. 

 

MASH1 DEFINES LINEAGE RESTRICTED PRECURSORS 

Mash1 defines a lineage restricted precursor pool for either neurons or 

oligodendrocytes, separately and dependent on the embryonic time point.  It 

promotes the loss of progenitor identity, and the acquisition of specific maturing 

neural cell identities.  In the absence of its expression, more cells remain as 

mitotically active progenitors and the product of those cells is dys-regulated 

producing cell different from the wild-type lineage.   

 The embryonic nervous system is a dynamic structure changing constantly 

through a spectrum of cues both extrinsic and intrinsic.  The concert of molecular 

factors necessary for this dynamic process change, but may be expressed over a 

long period of time.  This is the case for Mash1.  It is expressed during neurogenic 

periods, through gliogenic period and into the post-natal brain.  Consequently, it is 

only natural to think that its effect may change.  To address the challenges of a 

dynamic system, we have developed a system to tag a specific cell population 

limited in time, with induction by tamoxifen, and space, by restriction to the Mash1 

family.   
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 Using this reporter system, I have been able to make limited yet directed 

observations about this specific population of neural cells and address the action of 

Mash1 in them.  These cells originate in the ventricular zone as do the majority of 

neural cells and so they must be descendants of early neuroepithelia cells that 

express stem cell markers such as Nestin.  As stem cells divide in the ventricular 

zone cell, they receive a cue to leave the stem cell state and begin to differentiate.  

Based on my data, Mash1 is expressed around the time of this decision and is 

necessary to prevent them from remaining as a stem cell.  The cell in which Mash1 

is expressed, makes a symmetric decision to begin the differentiation process. Once 

Mash1 is expressed, the cell is already restricted to a certain lineage and just in the 

process of its differentiation plan.  It rapidly exits the cell cycle and exits the 

ventricular zone migrating to the mantle zone and eventually to the correct place in 

the dorsal horn.   

Numerous interpretations could be added to this basic description of a 

lineage-restricted precursor, but caution must be taken to understand the limitations 

of this technique. The main bias of the Cre/loxP system is to include cell types rather 

than exclude them.  Positive expression of the reporter gives you positive evidence 

that in fact that cell lineage has descended from your original Cre expressing cell.  

Even though we have demonstrated the overlap of the reporters with Mash1, it does 

not fully rule out the possibility that the Cre recombination efficiency is limited to only 

the higher expression levels.  But, if the remaining cells are mainly low expressors, 

then the effect of Mash1 in the cell may be negligible.  Future studies may be able to 
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better address the function of Mash1 at different concentrations or levels of 

expression.   

The cell described above could resemble the transit amplifying cell of the 

adult Sub-Ventricular Zone (SVZ) because it divides one or more times but it is 

restricted to differentiation and to a specific cell fate (Fishell and Kriegstein, 2003).  

By immunohistochemistry, we know that Mash1 is expressed in cells that have been 

in S-phase within the past hour, and therefore, under go at least one more mitosis. 

mitotically active cells despite the heterogeneity of Mash1 expression level.  As early 

as we can detect the reporter (12 hours post-induction), the cells are no longer 

mitotic, so these cells rapidly exit the cell cycle.  From those pieces of data, it seems 

clear that once a cell expresses Mash1, it can only under go one or 2 more rounds 

of replication before the 12 hours is over and the cells are detectable, but it could go 

straight.  We know that the Cre reporter is expressed in the ventricular zone in a 

Mash1-like pattern and that Mash1 therefore we cannot know that the population   

By immunohistochemistry, we know that Mash1 is expressed in mitotically active 

cells, 

 Since Mash1 has traditionally been viewed as pro-neuronal, the main 

emphasis of its study has been on neuron production and specification.  Now that 

we have shown that it is involved in glial development, new hypotheses may be 

developed as to the function of Mash1.  Its function may remain in something that is 

similar to both cell types or it may show the need to secondary modulating proteins 

for defining the specificity of its actions. 
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A major goal of neuro-embryology has been to produce a lineage tree much 

like that developed for the hematopoetic system.  The tree may look much different 

because of the different end-state organ, but the basics remain the same, stem cells 

divide somehow producing daughter cells that are fully functional.  I believe that we 

are now developing the tools to aid us in attaining that knowledge.   

The data produced suggests that cells expressing Mash1 (at high enough 

levels to active the reporter) exit the cell cycle rapidly.  As early as we can detect the 

reporter (12 hours post-induction) all Mash1 traced cells are post-mitotic, 

differentiating cells.  Since the average cell cycle length of a cell at E10.5 is 8-10 

hours, once a cell expresses Mash1, it can only undergo 1-2 cell cycles at most.   

 

NATURE OF THIS LINEAGE RESTRICTED PRECURSOR 

When comparing the data here with the known actions of progenitors in other 

systems, it appears that Mash1 is expressed in lineage restricted precursors that 

maintain a very limited mitotic potential and that Mash1 functions to prevent these 

cells from returning to a multi-potent, mitotically active progenitor state. Traditionally, 

neural progenitors are located in the ventricular zone and are mitotically active. 

Mash1 is expressed in some mitotically active cells by BrdU labeling and limited to 

the ventricular zone suggesting that these cells are neural progenitors.  However, 

the actions of that cell after its current division are unknown using the traditional 

BrdU one-hour pulse.  The results from the constitutively active Mash1 reporter 

suggest that this is indeed the case, but when these cells are more carefully 
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examined with respect to embryonic time of production, these cells do not remain a 

progenitor-like state and are even lineage restricted.      

Despite the precursor restriction, the data does not fully rule out that Mash1+ 

cells can still be in some sort of mitotically active cell.  Mash1 expression is placed 

in, at least, the S phase of the cell cycle by BrdU staining. When cells exit the cell 

cycle to differentiate into neurons, they usually do so during G1 phase.  This would 

indicate that cells expressing Mash1 must undergo at least one mitosis before 

differentiating into a neuron.  Since Mash1 traced cells are post-mitotic within 24 

hours after expression (Fig. 5.2a,d), the number of mitoses that a cell can undergo is 

limited after Mash1 expression.  At E10.5, average cell cycle is approximately 8-10 

hours.  Therefore, cells are limited to 2 or 3 mitoses after Mash1 expression.  To 

confirm that the cells traced by the M1-CreERTM line are mitotically active at some 

point, co-localization between the transgene Cre or YFP/β-gal would need to be 

shown.   However, the speed of detection after induction of this system is limited by 

(1) how quickly Cre can recombine the RosA reporter, and (2) how quickly the RosA 

reporter can transcribe, translate and produce enough detectable protein.  Despite 

these limitations, the data presented here suggest that the mitotic potential of Mash1 

is limited to between one and three cells divisions.   

The precursors of the Mash1 lineage may be either post-mitotic or limited-

mitotic, so if they are dividing, how would that division be characterized? If Mash1 

was expressed in an asymmetric cell division (reproducing a stem cell and a 

differentiating daugh\ter cell), then the reporter would trace both the progenitor cell 
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and the differentiating daughter cell.  Providing the progenitor remained active long 

enough, this would produce a lineage of neurons and glia much like that seen using 

the Nestin-CreERT2 line.  However, that is not the case in the M1-CreERTM line.  The 

reporter lineage at E10.5 only traces to neurons and not oligodendrocytes, so Mash1 

cannot be expressed to a detectable level in an asymmetrically dividing progenitor.  

Therefore, it is safe to say that cells expressing Mash1 at a detectable level undergo 

symmetric divisions and probably symmetric terminal divisions.  Taken together, this 

data and previous literature would suggest that Mash1 expression defines a 

transiently amplifying, lineage-restricted, symmetrically dividing cell.   

 

FUTURE DIRECTIONS OF THE FIELD 

 The varied expression pattern of Mash1 provides more areas in which to test 

the function of Mash1 in progenitor type cells.  Since Mash1 is a proneural gene and 

has been shown to be important for neuronal specification during early neurogenesis 

(E10.5 and E11.5), it may have a similar role during later neurogenesis (E12.5 and 

following).  The M1-CreERTM line provides a unique tool to distinguish between 

neurogenic time-points.  In fact, all the neurons traced by the constitutive Cre M1-

GIC line contain cells outside of the limited domain traced at E10.5 by the M1-

CreERTM line.  My initial data indicates that Mash1+ cells born at different neurogenic 

time points populate different lamina of the spinal cord.  The same may be true for 

oligodendrocyte cell types and oligodendrogenic time points.  There is an increasing 

awareness of different types of oligodendrocytes, but their properties are poorly 
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defined.  The dorsally-derived oligodendrocyte population has recently been defined 

as a sub-population in the spinal cord, so these may be a sub-population produced 

by Mash1+ cells.  The role of Mash1 in specification of specific sub-types remains 

open to new investigation. 

 Although this paper addresses some of Mash1’s function in progenitors and 

specification, it does not address the mechanism by which it acts.  The upstream 

regulators of Mash1 function are still unknown, but the BAC transgenic systems 

provide new genomic information to find enhancers and potential transcriptional 

regulators.  The downstream targets of Mash1 are still largely unknown, but 

hopefully my characterization of Mash1 descendents suggests possible targets that 

can be examined.  Even though Mash1 progenitors produce two separate cell types, 

the commonalities between these cell types may provide clues into its function.  

Alternatively, Mash1 may bind different co-factors to produce different outcomes in 

different cell types.  Taking these ideas into consideration, I am hopeful that 

researchers in the future may be able to use the tools that I have made to further 

understand the mechanisms of neural development. 

 Research does not exist in a vacuum.  Today it exists in a society actively 

searching for cures to diseases and injuries seen in the medical field.  The field of 

neural stem cells has shown promise for its potential to treat various neurological 

problems.  Neurodegenerative diseases and traumatic brain injuries would benefit 

from replacing diseased tissue with new neural tissue.  Neural stem cells may 

provide this therapy.  Numerous problems still remain, but researchers are actively 

 
 



188 

working on mechanisms to make these stem cells differentiate and become the 

appropriate cells types to replace those cells lost.  This type of therapy may take 

decades to become useful, but I am hopeful that the data and tools I have generated 

may contribute to these pursuits.  Hash1 (the human homolog to Mash1) could be 

express in neural stem cells to drive the cells out of a progenitor state and traced by 

mechanisms similar to those I have used in the mouse.  For example, the recently 

discovered, adipose derived stem cell population can be differentiated in vitro to 

become different neural cell types.  Some of them appear to express Mash1 as they 

differentiate so manipulation of this and other genes could lead to better control of 

their differentiation. Although this is a mere possibility, researchers are 

experimenting with many different methods for addressing neural repair.  As shown 

by the recent progress in these fields, this type of research continues to add 

valuable knowledge to both the scientific and medical societies. 
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