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Abstract 
 

The pons has key sensorimotor and autonomic functions; serves as an important relay of motor 

information between neocortex and cerebellum; and is the site of the deadliest childhood brain 

tumor, Diffuse Intrinsic Pontine Glioma (DIPG), which may originate in development. Despite the 

importance of the pons, little is known about its postnatal development. MRI analysis revealed 

that the human pons grows six-fold postnatally, and histologic analysis revealed that the mouse 

pons grows four-fold postnatally, with most rapid growth rates during infancy in both species. 

Immunohistochemistry in postmortem pediatric pons tissue revealed that proliferation in human 

pons was greatest at birth and declined to near zero by 18 months, remaining low through the 

remainder of childhood; proliferation in mouse pons was greatest at postnatal day 4 (P4) and 

declined 10-fold by weaning age, remaining low through adulthood. In both humans and mice, 

the peak age of proliferation coincided with the peak period of growth. In mouse pons, 

proliferative progenitors were found in three anatomical compartments: ventricular, midline, and 

parenchymal. Cre recombinase-based fate-mapping of midline and ventricular populations 

showed that they gave rise to few cells outside their respective anatomical compartments, 

implying that most cell addition occurs by parenchymal proliferation. In both human and mouse, 

growth and proliferation were greater in the ventral pons (basis pontis) than dorsal pons 

(tegmentum), and a majority of proliferative cells expressed Olig2. In mice, co-staining of BrdU 

with Sox10 and NG2:DsRed identified most parenchymal proliferative cells as committed 

oligodendrocyte precursors, while a minority of BrdU+ cells were ALDH1L1:GFP+ astrocytes.  

Most proliferative progenitors expressed both Olig2 and Sox2, with a BrdU+Olig2+Sox2– 

population peaking later, at the onset of myelination.  Sox2CreER fate-mapping revealed that 

postnatal Sox2+ progenitors gave rise to more than 90% of adult pons oligodendrocytes, 

contributing to a 10-18 fold postnatal expansion of the pontine oligodendroglial population.  

Together, these studies provide the first longitudinal studies of growth, proliferation, and 
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gliogenesis in the postnatal pons, identifying evolutionarily conserved populations of postnatal 

progenitor cells that drive pontine growth, may contribute to the postnatal acquisition of motor 

coordination, and represent candidate cells of origin for DIPG.  
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Chapter 1 

Introduction, Pontine Anatomy, and Embryonic Pontine Development. 

The pons is a vital structure in the vertebrate brain, playing central roles in motor 

coordination, facial sensation, breathing, and consciousness. Despite its paramount importance, 

the pons remains one of the most under-studied regions of the brain. In this thesis I discuss 

recent advances in the field of pontine development. After a brief review of pons anatomy, this 

chapter will describe the processes that shape the pons during gestation. In Chapter 2, I will 

describe the methods of my research on postnatal pons development. In Chapters 3 and 4, I will 

present data demonstrating that the postnatal pons experiences dramatic growth and 

gliogenesis. In Chapter 5, I will synthesize my findings and discuss emerging questions in the 

development of the postnatal pons; I will describe a fatal childhood tumor of the pons, diffuse 

intrinsic pontine glioma (DIPG); and I will propose a model for pontine gliomagenesis based on 

progenitor populations identified in this thesis and in the context of pontine development. 

 

Section I. Anatomy of the Pons. 

The pons derives its name from the Latin for “bridge”. Early anatomists believed its 

ventral portion, named the “pons proper” or “basis pontis”, to contain a commissure linking the 

left and right cerebellar hemispheres; this mistaken impression was corrected in the 19th 

century (von Monakow, 1895), when the basis pontis was shown by lesion studies to link the 

neocortex and cerebellum. The dorsal portion of the pons, the “tegmentum”, contains cranial 

nerves and nuclei controlling facial sensation and motion, and autonomic nuclei controlling vital 

functions such as breathing and arousal. The pons is thus more than a mere bridge: it is a 

command center, a hub regulating brain and body. Various major nuclei and tracts of the pons 

are shown in Figure 1 and described below. 

● The pontine nuclei (PN, or pontine gray nuclei, PGN) occupy the gray matter of the basis 

pontis and are densely populated with glutamatergic projection neurons. These neurons 

1



 

receive afferents from layer V of cerebral cortex, and in turn project mossy fiber axons via 

the transverse fasciculus pontis (TFP) and then contralateral middle cerebellar peduncle 

(MCP) to make glutamatergic synapses onto cerebellar granule neurons (Brodal and 

Bjaalie, 1992). A small proportion of PN neurons (5% in monkey, 1% in cat, fewer in rat) 

stain positive for GABA and/or glutamic acid decarboxylase, though physiologic evidence of 

inhibitory function is inconclusive (reviewed in Brodal and Bjaalie, 1992). While the pons 

transmits cerebellar inputs via the MCP, cerebellar output returns to the neuraxis via the 

superior cerebellar peduncle (SCP), which ascends through rostral pons before reaching the 

midbrain red nucleus and ventrolateral thalamus. A branch off the SCP descends to the 

nucleus reticularis tegmenti pontis (Brodal and Szikla, 1972), which is located dorsally to the 

PN and is itself a precerebellar mossy fiber nucleus that controls eye movements (Thier and 

Möck, 2006). 

● The corticospinal tract (CST) and corticopontine fibers travel longitudinally in several axonal 

bundles through the basis pontis. In mouse, these tracts are adjacent to one another, and 

are known as the longitudinal fasciculus pontis (LFP). The medial lemniscus (ML, carrying 

second-order somatosensory axons) is located at the ventral extent of tegmentum, and in 

mice is adjacent to LFP. 

● The parabrachial nuclei (medial parabrachial, lateral parabrachial, and Kölliker-Fuse) 

occupy the dorsolateral tegmentum, in the rostral pontine central gray (PCG), and function 

in the autonomic regulation of sleep/wake state and respiration. The medial parabrachial 

nucleus contains cholinergic neurons of the reticular activating system, controlling 

sleep/wake state through projections to thalamus and hypothalamus (Siegel, 2004). The 

medial parabrachial nucleus also contains neurons that fire rhythmically at specific phases 

of the respiratory cycle (during inhalation and/or exhalation), and project to the respiratory 

center of the medulla (Song et al., 2006); similar neurons are found in the adjacent Kölliker-
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Fuse nucleus, and together these regions of the parabrachial nuclei constitute the pontine 

pneumotaxic center (Song et al., 2006). 

● The serotonergic cell groups B1-B9, which include the raphe nuclei, are the brain’s only 

source of the modulatory neurotransmitter serotonin, and are found as far rostrally as 

midbrain and caudally as medulla. Groups B5-B9 lie within the pons; their projections travel 

throughout the entire brain (Felten and Sladek, 1983; Dahlstrom and Fuxe, 1964; Paxinos 

and Franklin, 2001). 

● The locus ceruleus (LC) is the primary source of norepinephrine for the CNS; it projects to 

cortex, hippocampus, septum, thalamus, and basolateral amygdala, and plays crucial roles 

in attention, memory, and other cognitive processes (Sara and Bouret, 2012). It also 

controls heart rate through projections to the medulla (Wang et al., 2014). The LC is closely 

linked to the raphe nuclei, through which it regulates emotional state, and to the reticular 

activating system, through which it regulates sleep/wake cycle (Sara and Bouret, 2012).  

● Cranial nerves and nuclei (CN) are located in the tegmentum. The trigeminal nerve (V) and 

facial nerve (VII) control facial sensation and motion; the abducens nerve (VI) moves the 

eyes laterally; the vestibulocochlear nerve (VIII) enables hearing and balance sensation 

(Brodal, 1965). After initial processing at the cochlear nucleus, sound is further processed 

by second-order structures in the caudal pontine tegmentum, including the superior olivary 

complex and trapezoid body (Brodal, 1965). 

● The medial longitudinal fasciculus (MLF) is a highly myelinated tract that links the vestibular 

with the oculomotor system, running through the entire pons (Brodal, 1965). The MLF may 

also transmit information from the pontine reticular formation to forebrain structures, as 

lesions in the MLF disrupt the production of hippocampal theta waves (Vertes, 1980). 

The relative sizes of basis pontis and tegmentum vary markedly between species (Fig. 

2). In humans, the adult basis pontis is 2.3 times the size of the tegmentum (Chapter 3), while in 

mice, the adult tegmentum is 5 times the size of the basis pontis (Chapter 4). These differences 
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may reflect functional specializations: in rodents a large part of tegmentum is occupied by the 

principal sensory nucleus of the trigeminal nerve, which may enhance sensory discrimination by 

facial elements such as whiskers or the Eimer’s organ of the star-nosed moles (Catania et al., 

2011). Similarly, the elephant’s need for precise motor control of and sensation by its trunk may 

correlate with its larger trigeminal and facial nerves and nuclei (Shoshani et al., 2006). 

Intriguingly, the basis pontis constitutes only 6% of total brainstem volume in prosimians, but 

16% in macaques, 29% in chimpanzees, and 37% in human (Matano et al., 1985). The 

consequences of these size differences are unclear, but it is interesting to note that, among 

primates, the size of the basis pontis scales directly with the size of neocortex, even more 

closely than it does with cerebellar volume (Matano et al., 1985)  

Of course, the size of a brain region does not directly determine its functionality. Rather, 

both the size and function of the pons are determined by the numbers and types of cells within 

it, and in turn by the identities and properties of the progenitor cells that shape the pons 

throughout development. 

 

Section II. Embryonic Development of the Pons. 

The mature pons occupies the ventral rostral hindbrain, but its constituent cells derive 

from specific rostral-caudal and dorsal-ventral regions spanning the whole extent of the 

embryonic hindbrain. This section describes the specification and production of the cells of the 

pons during embryonic development, beginning with anterior-posterior and dorsal-ventral 

patterning by morphogens and transcription factors, followed by several experiments in rats on 

the birth dates of specific populations of pontine neurons, ependyma, and glia, and concluding 

with a correlation of prenatal pons development between rodents and humans. 

1. Anterior-posterior segmentation by Hox genes, retinoic acid, Wnt1, FGFs, and Gbx2. 

The neuroepithelium of the embryonic hindbrain, containing a single layer of primary 

progenitor cells, undergoes anterior-posterior segmentation into units termed rhombomeres, 
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which may be molecularly distinguished from one another by their expression of unique 

combinations of Hox genes, as illustrated in Figure 3a (reproduced from Kiecker and Lumsden, 

2005). Hox gene expression is itself induced by retinoic acid (RA; Marshall et al., Nature, 1994), 

which in early development is synthesized in Raldh2-expressing cells of trunk somites (Swindell 

et al., 1999). (At later embryonic stages, after hindbrain segmentation has been established, RA 

may also be generated in Cyp1b1-expressing cells of hindbrain neuroectoderm and paraxial 

mesoderm (Chambers et al., 2007), and in Raldh2-expressing hindbrain meningeal cells (Zhang 

et al., 2003)).  

Although other morphogens contribute to hindbrain formation (particularly Wnt1 and 

fibroblast growth factors, or FGFs, whose roles will be discussed later in this section), RA is key 

to segmentation: RA-deficient Raldh2–/– mutants show no expression of Hoxb1 to mark r4, no 

markers for r5/r6, and in fact no physical segmentation in hindbrain (Niederreither et al., 2000). 

Furthermore, the caudally increasing RA concentration intensifies the Hox transcriptional 

program: while r1 lacks Hox expression, r2-r8 express distinct combinations of up to 8 Hox 

genes (Kiecker and Lumsden, 2005). These Hox programs specify different neural populations: 

the trigeminal motor nucleus (V) derives largely from r2 (marked by HoxA2), and the facial 

motor nucleus (CN VII) derives largely from r4 (marked by Hoxb1); but Hoxb1 expression in r2 

cell grafts cell-autonomously causes respecification to r4 phenotypes, including expression of 

facial (rather than trigeminal) motor neuron markers, and axonal projections to the second 

branchial arch (characteristic of facial neurons, rather than the first arch which usually carries 

trigeminal neurons; Bell et al., 1999). Therefore the Hox genes are not passive markers, but 

active determinants of broad and fine elements of brainstem structure: they can establish 

brainstem segments and cell-autonomously specify cell fate. 

The Hox genes are located in four clusters within the genome, facilitating transcriptional 

cross-regulation; for instance, Hoxb1 regulates Hoxa1 and Hoxa2 in trans, and Hoxb2 in cis 

(reviewed in Tümpel et al., 2009). Genes in a single Hox cluster can also be subjected to 
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epigenetic regulation en masse: in response to RA, clustered Hox genes are activated by 

demethylation of H3K27 and methylation of H3K4 (Lee et al., 2007; Agger et al., 2007; Mazzoni 

et al., 2013). Most hindbrain cells downregulate Hox genes by late gestation, but some 

populations retain Hox expression even into postnatal stages: for example, trigeminal sensory 

neurons (Oury et al., 2006) and the precerebellar neurons of the PN (Geisen et al., 2008). The 

pontine gray neurons, born in r6-r8, retain their relative anterior-posterior order and Hox 

expression profile as they migrate into their destination territory in r3-r4 (Geisen et al., 2008; 

Tomas-Roca et al., 2014).* When the H3K27 demethylase Ezh2 is conditionally deleted in these 

neurons, their anterior-posterior order is lost in migration as all the neurons express Hox genes 

characteristic of r8 (Di Meglio et al., 2013).  

As mentioned above, RA is not the sole morphogen responsible for brainstem 

segmentation: a FGF8-producing “isthmic organizer” at the midbrain-hindbrain boundary (MHB) 

helps define r1-r3 and expand r1 (Sato and Joyner, 2009).  This organizer forms at a boundary 

                                                 
* An anatomical note on hindbrain segmentation and nomenclature: The term “rhombomere” may be 

applied not only to a segment of neuroepithelium, but to the underlying parenchymal territory occupied by 

the radial glial processes emanating from that neuroepithelial layer. Furthermore, it may be applied not 

only at early developmental stages when segments and radial glia are prominent, but into postnatal and 

adult stages. This is the basis of a new developmental ontology put forth by Puelles and colleagues 

(Puelles et al., 2007 ; also Alonso et al., 2013, Moreno-Bravo et al., 2013; and Tomas-Roca et al., 2014) 

in which r1 and r2 are part of “prepontine hindbrain”, r3-r4 are “pontine hindbrain”, r5-r6 are 

“pontomedullary hindbrain”, and r7 and caudal are “medullary hindbrain”. Structures classically 

considered part of the pons reside as far caudally as r7, but most are r6 and anterior. (The basis pontis 

occupies r3-r4 in rodents but r3 through r6 in humans.) It should also be noted that in their ontology, 

Puelles and colleagues subdivide the prepontine hindbrain by identifying another segment, termed the 

isthmus (Is), which is located in the rostral portion of what others consider r1. Thus in the developmental 

ontology, classically “pontine” structures (such as certain raphe nuclei) may be found as far rostrally as 

the isthmus. As a final point, some neuronal populations migrate across rhombomere boundaries during 

development, so the rhombomere of origin often differs from its destination rhombomere; for instance, 

neurons of the pontine nuclei are born in r6-r8 before migrating to r3-r4 (r3-r6 in human). Figure 4 lists the 

origin and destination rhombomeres for the pontine neuron types named in Section 1 of this chapter. 
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between expression domains of the transcription factors Otx2 (in midbrain) and Gbx2 (in 

hindbrain), and is maintained by expression of Wnt1 on the midbrain side and FGF8 on the 

hindbrain side (reviewed in Kiecker and Lumsden, 2012). Additionally, work in zebrafish has 

shown that r4 itself acts as another organizer in the hindbrain, producing FGF3 and FGF8 to 

induce formation of r5/6 (Maves et al., 2002); and FGF3 production from the r4 organizer is 

transcriptionally regulated by a subunit of protein phosphatase 1 which is itself a transcriptional 

target of hoxb1b (Choe et al., 2011). Therefore Hox genes may control FGF production in 

hindbrain morphogenesis. Notably, r4 is the first rhombomere to form (Maves et al., 2002), but 

the factors controlling its anterior-posterior placement remain unknown.  

 

2. Dorsal-ventral patterning by Shh, Wnt, and Hox genes. 

Similarly to the developing spinal cord, the hindbrain neuroepithelium is exposed to a 

dorsal-ventral morphogen gradient of roof plate-derived Wnts and BMPs, and notochord- and 

floor plate-derived Shh (Kiecker and Lumsden, 2012). Shh signaling in the ventral 

rhombencephalon creates discrete domains that generate cranial motor neurons: the p3 

(Nkx2.2+) domain, adjacent to floor plate, produces branchiomotor neurons of cranial nerves 

(CNs) V and VII and parasympathetic neurons of CN VII; the pMN (Olig2+) domain generates 

somatic motor neurons of CN VI (Guthrie, 2007; Figure 3b, reproduced from Guthrie, 2007). 

Shh signaling subsequently produces oligodendroglia from the Nkx2.2+ domains of hindbrain 

neuroepithelium and from a dorsolateral Pax3+ domain, the latter of which becomes 

oligodendrogenic upon loss of BMP signaling (Davies and Miller, 2001; Vallstedt et al., 2005). 

Shh is also required for generation of serotonergic neurons of the raphe nuclei (Moreno-Bravo 

et al., 2013), which derive from the p3 domain of r1-r5 (Briscoe, 1999; Jensen et al., 2008; 

Alonso et al., 2013), while BMPs contribute to the formation of noradrenergic LC neurons in the 

alar plate of r1-r2, assisted by FGFs from the MHB organizer (Tilleman et al., 2010; Robertson 
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et al., 2013). And as in the spinal cord, the alar plate gives rise to neurons involved in sensory 

structures, such as the cochlear nuclei (Farago et al., 2006). 

A topological difference between hindbrain and spinal cord is that within r2-r8, the 

ventricular space is dorsal rather than central, and the dorsalmost cell layer of neural tube is not 

roof plate but rather a thin epithelium that gives rise to choroid plexus (Hunter and Dymecki, 

2007). In other words, within r2-r8, the entire neuroepithelium, including the alar plate, is 

positioned ventrally to the ventricular space. However, the rhombencephalon at these levels 

contains a specialized, Wnt-producing neuroepithelium at the dorsal boundary of the alar plate, 

a structure termed the lower rhombic lip (LRL). This structure was first identified by His (1891) 

as a likely source of precerebellar pontine neurons, and further studied by Essick (1912), and 

later by Pierce (1966) and Altman and Bayer (1987a). Transplant experiments in avian embryos 

showed directly that the rhombic lip generates precerebellar pontine neurons (Wingate and 

Hatten, 1999). Subsequent experiments showed that many precerebellar LRL progenitors 

express Wnt1 in embryonic development (Rodriguez and Dymecki, 2000); by combining Wnt1-

Flp and rhombomere-specific Cre drivers, it was demonstrated that the lower rhombic lip (LRL) 

in r2-r5 generates the cochlear nuclei (Farago et al., 2006), while the LRL in r6-r8 generates the 

precerebellar nuclei such as the PN (Landsberg et al., 2005). 

Interestingly, certain Hox genes participate in dorsal-ventral as well as anterior-posterior 

patterning. While at E9.5 Hoxb2 is expressed throughout r4, by E10.5 it is concentrated in 

ventral r4, and Hoxb2–/– mutants at E13.5 show specific defects in formation of the ventrally 

derived motor nucleus of CN VII (Davenne et al., 1999). Furthermore, Hoxb2 persists in the 

oligodendrogenic Nkx2.2+ and Olig2+ domains of the r4 neuroepithelial layer through E14.5, and 

promotes oligodendrogenesis in that rhombomere (Miguez et al., 2012). In contrast, Hoxa2 in 

the r3/r4 neuroepithelium becomes enriched dorsally by E10.5, and Hoxa2 mutants show 

defective formation of sensory components of CN VII/VIII (Davenne et al., 1999). In further 

contrast to Hoxb2, Hoxa2 represses oligodendroglial fate (Miguez et al., 2012). Remarkably, 
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Hoxa2 overexpression in all Olig2+ progenitors inhibits forebrain oligodendrogenesis (Miguez et 

al., 2012); thus, Hox genes regulate cell fate even outside of their normal expression domain. 

3. Birthdating of neurons and glia in embryonic hindbrain. 

Figure 4 illustrates the birth dates of pontine neuronal, ependymal, and glial populations within 

the 23-day embryonic development of the rat. Altman and Bayer determined the birth order of 

pontine neurons by delivering [3H]thymidine to rats at embryonic timepoints from E11 through 

birth, and perfusing at P60 (Altman and Bayer, 1980a,b,c; 1987c). The major autonomic nuclei 

show divergent birthdates: neurons of the locus ceruleus are born at E11-E13, peaking at E12; 

these predate the raphe nuclei which are born over E13-E17 (Altman and Bayer, 1980c). The 

parabrachial nuclei are born over E13-E15, coincident with other nuclei of the reticular activating 

system (Altman and Bayer, 1980c). Trigeminal motor nuclei contain the earliest-born neurons, 

from E11-E12 (Altman and Bayer, 1980c), while the abducens nuclei are born mostly at E12, 

and the facial motor nuclei over E12-E14 (peaking at E13; Altman and Bayer, 1980a). Thus the 

pontine cranial motor nerves are born in rostral-to-caudal order. Interestingly, cranial sensory 

nerves are born over longer intervals, and not in a segmental order: trigeminal sensory nuclei 

and ventral cochlear nuclei date to E13-E17 (Altman and Bayer, 1980b,c), while vestibular 

nuclei date to E11-E15, and dorsal cochlear nuclei peak at E15 but show a range of birthdates 

from E12 through E22 (Altman and Bayer, 1980b). Some neurons of the rat dorsal cochlear 

nucleus may even be born postnatally (Altman and Das, 1966). This delayed and protracted 

development of the dorsal cochlear nucleus is also seen in the other major population deriving 

from the lower rhombic lip, namely the precerebellar pontine nuclei, whose neurons are born 

between E15 and E19 (Altman and Bayer, 1987c). In addition to having a late gestational 

birthdate, those neurons must undergo a 3-day-long migration to their destination in the pontine 

nuclei. Therefore the pontine nuclei (in basis pontis) and cochlear nuclei (in lateral tegmentum) 

are the latest-forming neuronal structures in the pons.  
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Das (1979) studied the timing of embryonic gliogenesis and ependymogenesis in rat 

brain by a prenatal pulse of [3H]thymidine and a chase to postnatal week 6. Ependymogenesis 

begins at E14 along the 4th ventricle, peaks from E16-E19. In the parenchyma, glial retention of 

[3H] is visible by E17 in tegmentum and E18 in basis pontis, and peaks at E21 throughout pons, 

with decline at E22 (Das, 1979). Das’s study did not positively identify labeled cells as 

oligodendroglia or astroglia. I suspect Das’s [3H]-retaining cells in rat pons (1979) to be biased 

toward astroglia, given my observations of greater postnatal BrdU dilution among 

oligodendroglia than astroglia in mouse pons (Chapter 4). However, the embryonic time-course 

of pontine astrogenesis has not yet been described in any species. 

By contrast with astrogenesis, oligodendrogenesis has been characterized in the pons of 

embryonic mice, and to some extent in birds, with regard to its timing (following neurogenesis in 

most domains) and its regulation by Shh signaling and Hox genes (described above). 

Interestingly, oligodendrogenesis differs between embryonic forebrain and hindbrain in the 

requirement for the bHLH transcription factor Olig2: Olig2–/– mice lack OLs in forebrain, but still 

have OLs in hindbrain (Lu et al., 2002). It is likely that Olig1 provides redundancy for Olig2, as 

Olig1–/–;Olig2–/– double mutants lack any hindbrain OLs (Zhou and Anderson, 2002). Olig1 

mRNA is normally highly expressed in E13.5-E15.5 hindbrain, particularly near the 4th ventricle 

(Liu et al., 2003), and expression of both Olig1 and Olig2 mRNAs in embryonic pons requires 

the Shh signaling-induced transcription factor Nkx6.1 (Liu et al., 2003). It remains unclear 

whether the abundance of Olig1 transcript in the embryonic hindbrain, and the genetic 

requirement for Olig2 in forebrain oligodendrogenesis, are due to brainstem-specific (e.g. Hox) 

or forebrain-specific factors. 

The midline raphe glial structure (MRGS; Van Hartesveldt et al., 1986) is a bundle of 

radial glial fibers that runs along the midline in the rostrocaudal extent of the brainstem in 

developing rat (Van Hartesveldt et al., 1986), human (Takano and Becker, 1997), and mouse 

(Wei et al., 2002), as well as rabbit and cat (Mori et al., 1990).  The MRGS has been proposed 
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to derive from the floor plate of the embryonic neural tube, and Bayer and Altman suggest 

(2007) that it provides structural support for the brainstem as it acquires its flexures. However, 

the MRGS persists well past the stage of flexure formation – into the third trimester in humans 

and to postnatal stages in other mammals – which raises the possibility of additional functions. 

The MRGS has been proposed to serve as a source of new astrocytes (Takano and Becker, 

1997), but this hypothesis was not tested. My fate-mapping data (Chapter 4) suggest that the 

MRGS yields both astroglial and oligodendroglial progeny, some of which proliferate postnatally, 

but all of which remain close to the midline. 

4. Embryonic Pons Development in Humans. 

The aspects of human hindbrain development that have been studied to date show 

remarkable evolutionary conservation from rodents. Müller and O’Rahilly (2003) found 8 

rhombomeres in the human embryo visible as early as Carnegie stage 12 (~30 dpc), emerging 

from a four-rhombomere stage first visible at Carnegie stage 9 (~25dpc). Rhombomeres 1-3 

were proposed to derive from “rhombomere A”; r4 from “rhombomere B”; r5-r7 from 

“rhombomere C”, and r8 from “rhombomere D” (Müller and O’Rahilly, 2003). This grouping is 

consistent with r4’s role as organizer (Maves et al., 2002). Bayer and Altman (2007) drew a 

clear correspondence between the birth order of neurons in various brainstem nuclei in rats and 

humans, with the earliest nuclei (LC and CN V) born as early as GW3.5, and nearly all other 

tegmental neurons born by GW7.5. As in rats, the LRL is the source of the latest-born neurons, 

including cochlear and precerebellar neurons, the latter of which are born as late as GW10 and 

undergo a similar tangential, anterior migration from medulla to basis pontis continuing as late 

as GW17 (Altman and Bayer, 2005, 2006). No histologic studies have directly addressed the 

embryonic origin of glia in human pons, though Bayer and Altman (2003, 2005, 2006) suggest 

that after the end of neurogenesis, the border of the 4th ventricle may serve as a gliogenic 

“glioepithelium”. The tegmentum can be inferred to contain mature oligodendrocytes as early as 

GW17, as myelination is visible then in the MLF and motor CN V-VII (Hatta et al., 2007).   

11



 

 

Section III. Prior work on Postnatal Pons Development. 

 While the prenatal development of the pons has been extensively described, very little 

prior data exists on the postnatal development of the pons.  Gilles and colleagues reported 

finding myelinated fibers in human basis pontis at term (Kinney et al., 1988), suggesting that 

some mature oligodendrocytes are already present in basis pontis at term. The same group 

noted an increase in myelination by 4 months after birth (Brody et al., 1987). A study by Nozaki 

et al. (1992) suggested that the pontine nuclei (measured histologically as the gray matter 

regions of basis pontis) roughly quintuple in size from birth to adulthood, but this study was 

limited in that it included only three postnatal samples: one aged 40GW, one aged 2mo, and 

one aged 63 years. Furthermore, it did not examine the CST or tegmentum. Other than those 

and a study by Monje et al. (2011) that will be addressed in Chapter 5, there have been no prior 

longitudinal studies of pediatric human pons development. Nearly all studies of postnatal 

gliogenesis in model organisms have focused on forebrain and/or cerebellum, omitting the pons 

(e.g.: Privat, 1975; Menn et al., 2006; Ge et al., 2012; Yuen et al., 2014). Two recent studies 

purported to characterize postnatal progenitor cells in the mouse pons (Lee et al., 2010; Monje 

et al., 2011), but both studies mistook the medulla for the pons, among other significant caveats. 

(Those two studies will be discussed in Chapter 5.) Thus, knowledge of postnatal pons 

development was extremely limited prior to my work. I have shown that the pons undergoes 

dramatic postnatal expansion, proliferation, and gliogenesis in mice and humans; I will present 

this work in Chapters 3 and 4, and synthesize the current understanding of postnatal pons 

development in chapter 5. 
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Figure 1. Pontine anatomy in human and mouse.
Top, photograph of a myelin-stained human pons section in standard axial orientation. 
Reproduced from Blumenfeld (2002), who attribute the photograph to DeArmond et al. 
(1989). Bottom, schematic of a mouse pons section, prepared in the oblique plane as 
described in Ch.2 and shown in Ch.4 Fig. 2, with major white matter tracts and gray 
matter structures outlined based on myelin stain. Abbreviations: 4V = 4th ventricle, KF 
= Kölliker-Fuse nucleus, LC = locus ceruleus, LPB = lateral parabrachial nucleus, mcp 
= middle cerebellar peduncle, ml = medial lemniscus, mlf = medial longitudinal fascicu-
lus, Mo(V) = Motor nucleus of the trigeminal nerve, MPB = medial parabrachial 
nucleus, PCG = pontine central gray, PN = pontine nuclei, Pr(V) = Principal sensory 
nucleus of the trigeminal nerve, RtTg = nucleus reticularis tegmenti pontis, scp = supe-
rior cerebellar peduncle, tfp = transverse fasciculus pontis.
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Figure 2. Mammalian variation in relative sizes of pontine and related structures.
Regions were traced from images of mid-sagittal (or near-mid-sagittal) brain sections 
using Adobe Illustrator. The scale bars differ for each species, in order to illustrate the 
relative sizes of basis pontis and pontine tegmentum, cerebellum, and pallium 
(excluding olfactory bulb, which was not visible in several sections). In cats and 
rodents, the basis pontis is limited to ventral rostral pons, and the auditory brainstem (a 
tegmental structure) is the ventralmost structure in caudal pons; but in elephants and 
primates, the larger pallium is met by a larger basis pontis which extends caudally to 
cover the auditory brainstem. Rodent, cat, and macaque tracings were based on Nissl-
stained sections from brainmaps.org (Fox and Lancaster, 2002); elephant tracing 
based on MRI (Maseko et al., 2013); human tracing based on myelin-stained section 
from Yakovlev-Haleem collection, National Museum of Health and Medicine, Armed 
Forces Inst. of Pathology, www.msu.edu/~brains/brains/human/sagittal/0152_fiber.html 
(collection described in Kretschmann et al., 1979)
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Figure 3. Anterior-posterior and dorsal-ventral patterning of cranial motor neu-
rons. Reproduced (simplified) from Kiecker and Lumsden, 2005; and from Guthrie, 
2007. Legend (also reproduced from those papers) can be found on the following 
page.
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Figure 3. Anterior-posterior and dorsal-ventral patterning of cranial motor neu-
rons. Reproduced (slightly simplified) from Kiecker and Lumsden, 2005; and from 
Guthrie, 2007. Text of this legend is also reproduced from those papers.

(a) Anterior-posterior patterning of the hindbrain.
Schematic representation of a vertebrate (chick) hindbrain in dorsal view without the 
roof plate. The reiterative formation of motor nuclei and the exit points of their efferent 
nerves from rhombomeres 2,4,6, and 7 (r2, r4, r6, and r7) are indicated on the right 
side. The trigeminal (mV), facial (mVII), and glossopharyngeal cranial (mIX) nerves 
project into the first (b1), second (b2), and third (b3) branchial arches, respectively, 
and the vagus nerve (mX) innervates a large part of the body. Neural crest cells from 
the corresponding rhombomeres also populate the periphery in a segmental fashion 
(green arrows). The positions of  the cranial sensory ganglia (gV and gVII-gXI) and 
the otic vesicles (ov) are indicated on the left side. The segmental nested expression 
of HOX genes is color-coded. FP, floor plate; mVI, mXII, somatic motor neurons.
(b) Dorsal-ventral patterning. Left, schematic diagram of a tranverse section through 
the hindbrain, showing pMN (Olig2+) progenitor domain, which gives rise to branchio-
motor (e.g. trigeminal and facial motor neurons) and visceral motor (e.g. facial para-
sympathetic efferents) neurons; and the p3 (Nkx2.2+) progenitor domain, which gives 
rise to somatic motor (e.g. abducens) neurons. The arrows extending from the floor 
plate (FP) and notochord (N) show the presumed diffusion of Sonic hedgehog protein 
(SHH) during motor neuron differentiation. Right, schematic diagram of a tranverse 
section through the hindbrain, showing the location of postmitotic cranial motor neu-
rons following dorsal migration by branchiomotor and visceral motor neurons.
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Figure 4. Embryonic Developmental Origins of Pontine Neuronal Structures.
Modified from Bayer and Altman, 2007: additional data from Das (1979), Alonso et al. 
(2013), and many other references listed in the full legend, which can be found on the 
following page (along with explanations of the asterisks in the table).
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Figure 4. Embryonic Developmental Origins of Pontine Neuronal Structures.
Modified from Bayer and Altman, 2007, with additional data from: Das (1979), Alonso et 
al. (2013), and various other references mentioned below.

Notable motor, sensory, autonomic, and precerebellar nuclei of the pons are listed, 
along with the birthdates of their neurons during the 23-day gestational period of rats as 
determined by [3H]thymidine labeling (Altman and Bayer, 1978, 1980a,b,c; 1987a,b,c), 
and the stages of human embryonic brain development corresponding to exact rat 
neuron birthdates (as proposed in Bayer and Altman, 2007). Also shown here are the 
embryonic birthdates of glial and ependymal cells in rat pons as observed by Das 
(1979), and the rhombomeres from which these various structures derive (Marin and 
Puelles, 1995; Kiecker and Lumsden, 2005; Landsberg et al., 2005; Machold and 
Fishell, 2005; Farago et al., 2006; Chatonnet et al., 2007; Jensen et al., 2008; Tilleman 
et al., 2010; Robertson et al., 2013) and the rostral-caudal territories in which the struc-
tures reside in the mature brain (as delineated by Alonso et al., 2013). Lighter blue 
shading of cochlear nuclei from E18-E22 is intended to represent the very low level of 
persistent neurogenesis in dorsal cochlar nucleus observed by Altman and Bayer 
(1980b), a process that may continue to postnatal stages (Altman and Das, 1966).

* In the view of Puelles and colleagues (Alonso et al., 2013), r1 does not begin at the 
midbrain-hindbrain boundary: there is a distinct segment of the hindbrain rostral to r1 
called “r0” or “the isthmus” (Is). Most fate-mapping experiments that report origin from 
r1 have been performed with the En1-cre driver which is expressed in both r1 and the 
isthmus. It should thus be noted that some nuclei reported by other groups to derive 
from r1 may possibly derive from the isthmus. Nonetheless, for simplicity’s sake, this 
table lists the rhombomeres of origin as stated in the original fate-mapping papers.
** It may be presumed that ependymal and VZ glia, being born after the initial establish-
ment of rhombomeres, are stationary through the remainder of development, and thus 
derive from radial glial cells of the same rhombomere in which they end up; but this has 
not been studied.
*** It is unknown whether parenchymal glia in the pons routinely cross rhombomere 
boundaries during development. Evidence from developing forebrain and spinal cord 
suggest that astrocytes do not migrate far from their radial glial progenitor (Tsai et al., 
2012), but this has not been studied in the pons. Oligodendrocyte precursors, by con-
trast, are highly migratory (Tsai et al., 2003), but it is unknown whether they routinely 
cross rhombomere boundaries. It is conceivable that, for instance, postnatal oligoden-
drocytes in r3 territory might derive from migratory oligodendrocyte precursors born in 
r4, as r4 produces more embryonic oligodendroglia than r3 (Miguez et al., 2012), but 
this possibility has not been studied.
**** The destination of parenchymal glia in mouse tegmentum is defined as Is-r7 based 
on the span of various pontine structures, and in basis pontis is defined as r3-r4 based 
on the location of the pontine nuclei (Alonso et al., 2013). It is worth noting that the 
dramatic enlargment of basis pontis in humans occurs in part by extension of the pon-
tine nuclei caudally through the level of the facial motor nucleus (which is at r5-r6 in 
mouse).
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Chapter 2 

Materials and Methods 

This chapter describes the methodology of my studies on the postnatal pons in humans 

(Chapter 3) and mice (Chapter 4). 

 

Section I. Methods for Human Studies 

Brainstem morphometry 

All brain MRI studies were approved by the University of California, San Francisco (UCSF) 

Committee on Human Research. MRI scans obtained between 2005 and 2010, for which there 

were no intracranial abnormalities (as noted by the official report of the neuroradiologist who 

interpreted the scan as part of routine clinical care), were included in the study (n = 123). For 

volumetric assessments (total pons, medulla, pontine tegmentum, basis pontis), T1-weighted 

sequences were evaluated. In addition, average T2 values for both basis and tegmentum were 

measured from mid-pons axial images, and the ratios of T2 intensities were used to estimate 

myelination in these two regions (modification of a method described by Abe et al., 2004). For 

each MRI, consecutive axial images extending from rostral pons (at midbrain-pons junction, just 

caudal to cerebral peduncles) to distal medulla (cervicomedullary junction) were analyzed. The 

areas (in mm2) of regions of interest (pontine tegmentum, pontine basis, medulla) were 

manually traced for each axial image and the volume (in mm3) estimated using measurement 

tools from Philips iSite Enterprise (v. 3.6) radiology software (See Ch. 3 Fig. 1). Age groups 

evaluated were age 0 (within 3 days of birth, normal gestational age), 3 months, 6 months, 9 

months, 1 year, 3 years, 5 years, 7 years, 9 years, 11 years, 13 years, and 18 years (n = 123). 

Average volumetric growth rates for basis, tegmentum, and medulla (mm3/mo) were calculated 

between age groups (0–3 months, 3–6 months, 6 months to 1 year, 1–3 years, 3–5 years, 5–7 
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years, 7–18 years) by calculating the difference in volumetric averages of the two age groups (in 

mm3) and dividing by the time between ages (in months). 

 

Human brainstem specimens and tissue preparation 

Samples of postmortem human pons were collected from two sources (n = 10, Table 1). 

Specimens obtained at autopsy within the UCSF Department of Pathology as part of a standard 

operating procedure were transferred to 4% paraformaldehyde within 72 hours of death. All 

tissues were collected in accordance with the UCSF Committee on Human Research. Additional 

specimens harvested <24 hours postmortem and stored in 10% formalin fixative were obtained 

from the National Institute of Child Health and Human Development Brain and Tissue Bank for 

Developmental Disorders at the University of Maryland, Baltimore (contract 

HHSN275200900011C, ref. N01-HD-9-0011, RRID: nif-0000-00217). Fixative storage intervals 

for specimens included in the analysis ranged from 0–3 years. For quality control purposes, 

autopsy specimens that were grossly damaged or did not stain for the nuclear marker DAPI 

were excluded. All samples included in the analysis were derived from patients with no evidence 

of intracranial abnormalities. Axial blocks of ∼5 mm thickness were cryoprotected in 30% 

sucrose solution, snap-frozen in OCT compound (Tissue-Tek, Torrance, CA) using dry ice, and 

placed in a –80°C freezer for equilibration. Axial 18–20-µm thick sections were collected using a 

standard cryotome and mounted on glass slides (Superfrost Plus, Fischer Scientific, Waltham, 

MA). 

 

Immunohistochemistry 

After rinses in TNT wash buffer (1× phosphate-buffered saline, 0.05% Triton X-100), microwave 

or water bath antigen retrieval was performed for all sections in 0.01M citrate buffer (pH 6.0) at 

95°C for 10 minutes, followed by a 20-minute cooling period. After rinsing in TNT, slides were 
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incubated with 1–2% H2O2 for 30–60 minutes at room temperature to block endogenous 

peroxidase activity. Slides were then incubated in TNB blocking solution (0.1M Tris-HCl, pH 7.5, 

0.15M NaCl, 0.5% blocking reagent from PerkinElmer, Waltham, MA) for 30 minutes at room 

temperature, followed by overnight incubation in primary antibodies (see Table 2 for details of 

primary antibodies used). Sections were then incubated for 90 minutes in biotinylated secondary 

antibodies (dilution 1:500; Jackson ImmunoResearch, West Grove, PA) for Ki67, nestin, mouse 

Olig2, and anti-myelin basic protein (MBP) primary antibodies and/or direct fluorophore-

conjugated secondary antibodies (dilution 1:500; Life Technologies, Grand Island, NY) for 

vimentin, rabbit Olig2 antibodies, and GFAP primary antibodies. All secondary antibodies were 

diluted in TNB along with DAPI at 1:10,000 dilution. Biotinylated sections were then incubated in 

streptavidin-horseradish peroxidase (PerkinElmer) for 30 minutes, followed by application of 

DAB Peroxidase Substrate Kit (MBP, Vector Labs, Burlingame, CA) for 7.5 minutes or TSA 

fluorescent amplification (nestin, Ki67, mouse vimentin) for 4–5 minutes, which uses fluorescent 

conversion of tyramide substrates (PerkinElmer). For double-labeling studies, a similar protocol 

was employed, with the exception of administering both a biotinylated and direct fluorophore-

conjugated secondary antibody simultaneously in the secondary antibody incubation step. 

 

Antibody characterization 

The details of the primary antibodies used in the study are included in Table 2. The chicken 

polyclonal antibody against GFAP was characterized by the manufacturer in a western blot 

analysis of brain tissue lysate, yielding bands at 55 kDa and 48 kDa, as well as by flow 

cytometry of human brain cells. The mouse monoclonal GFAP antibody was previously 

characterized by western blot of human glioma cell lines, yielding a band at 51 kDa, while no 

band was detected in human RD cells that lack GFAP (Debus et al., 1983). The rabbit 

polyclonal Ki67 antibody was characterized by the manufacturer to localize to the nucleus of 

normal and neoplastic human tissue. The mouse monoclonal Ki67 antibody was tested in 
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western blot of proliferating cells by the manufacturer, yielding bands at 395 and 345 kDa, and 

immunohistochemical staining in human tonsil yielded similar results to MIB-1 antibody that also 

reacts with Ki67. For the rabbit polyclonal against human myelin basic protein, manufacturer 

data indicates western blot detected bands in mouse brain lysate (14, 17, 18, and 21 kDa), and 

a recent study demonstrated colocalization of this antibody with other myelin components using 

human adult brain immunohistochemistry (Roig et al., 2010). Western blot analysis of the rabbit 

polyclonal anti-nestin antibody in two distinct human glioma cell line lysates revealed a single 

band between 220 and 240 kDa (Messam et al., 2000). Likewise, manufacturer information for 

the mouse monoclonal anti-nestin antibody indicates human specificity with a 220–240 kDa 

band detected by western blot. The rabbit anti-Olig2 antibody was characterized via western 

blot of human normal human cortex and human glioma lysates (38 kDa band), as well as 

colocalization with PDGFRα-positive cells in human fetal white matter using double-label 

immunohistochemistry (Ligon et al., 2004). Specificity of the mouse monoclonal anti-Olig2 

antibody was demonstrated by a lack of staining in Olig2-null brain tissue immunohistochemistry 

(Ligon et al., 2006). The mouse IgM anti-vimentin antibody labeled the expected 60 kDa band in 

western blot of human sarcoma cells (Stathopoulos et al., 1989), and western blot of human 

HeLa cell lysate using the mouse IgG anti-vimentin antibody recognized a band at 50 kDa 

(Bohn et al., 1992). 

For all antibodies listed, the staining protocol was optimized in single-labeling studies after 

varying antigen retrieval (± citrate antigen retrieval), primary antibody concentration (dilution 

series), and secondary antibody method (fluorophore-conjugated secondary antibody versus 

biotinylated with TSA amplification). Given the paucity of data in the human pons for expression 

of the antigens of interest (Ki67, Olig2, vimentin, nestin), two independent primary antibodies, 

typically different host species and clonality (see Table 2), were used for each antigen to ensure 

specificity/sensitivity of the antibodies. Only those antibodies that produced a spatial and 

temporal distribution that could be confirmed with at least one other antibody were used for the 
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study. For myelin immunohistochemistry with anti-MBP, a similar spatial and temporal pattern of 

myelin staining was confirmed with Luxol Fast Blue. In addition, for both single- and double-

label experiments, parallel sections incubated without primary antibodies were performed as 

negative controls. Using this method, the observed nestin and vimentin pattern lining the fourth 

ventricle within the dorsal pons was in agreement with a recent study on the human pons 

(Monje et al., 2011). While the lack of previous reports on Olig2 and Ki67 distribution in the 

developing human pons prevent direct comparison, a consistent spatial and temporal 

distribution for each antigen was confirmed with multiple antibodies. In addition, the Olig2 and 

Ki67 antibodies used in this study have been previously used to detect these antigens in human 

brain material (Ligon et al., 2004; Ligon et al., 2006; Quinones-Hinojosa et al., 2006). 

 

Assessment of cell proliferation 

For quantitation and mapping of cell proliferation, mid-pons axial hemisections immunostained 

for Ki67 were tiled at 10× magnification on an epifluorescence microscope using a Stereo 

Investigator automated image capture system (MBF Bioscience, Williston, VT; RRID: 

SciRes_000114). Offline, all proliferating cells were marked for subsequent analysis by a 

blinded investigator. Criteria for inclusion as a positive Ki67 cell included clear nuclear staining 

of Ki67, colocalization with the nuclear marker DAPI, and lack of nonspecific staining in the 

same distribution. After defining tegmentum and basis contours for each hemisection, average 

cell density (# Ki67+ cells/mm2) for total pons, tegmentum, and basis was tabulated. Specimens 

were grouped into one of five age groups: I (1 day, 1 month), II (2 months, 7 months), III (1.5 

years, 3 years), IV (7 years, 8 years), and V (13 years, 13.5 years). In addition, spatial 

distribution maps for tegmentum and basis as a function of postnatal age were plotted using 

StereoInvestigator software. 
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Olig2/Ki67 quantification 

Confocal images were captured on a Leica TCS SP5 AOBS microscope (Leica Microsystems, 

Buffalo Grove, IL) using a 20× objective with 2.72× optical zoom to a resolution of 0.279 µm per 

pixel. Images were collected by automated acquisition of 0.08 mm2 fields containing only basis 

or only tegmentum. Between 30 and 200 fields were collected per region depending on the 

specimen size. Images were collected at four wavelengths corresponding to DAPI (405 nm 

laser), Olig2 (Alexa 488/488 nm laser), and Ki67 (Cy3/543 nm laser). In addition, an unstained 

channel (633 laser) was collected to identify regions of nonspecific fluorescence. For each 

section, the number of Ki67+ and Ki67+/Olig2+ cells were counted by a blinded observer, and the 

percentage of double-positive cells (Ki67+Olig2+/ Ki67+) was calculated for tegmentum and basis 

at 0–1 months and 2–7 months. 

 

Brightfield imaging of myelin stains 

Tissue sections were labeled with anti-MBP antibody and detected by DAB staining as 

described above, then counterstained with Gill's hematoxylin #3 (Polysciences, Warrington, 

PA). Brightfield images were acquired on a DMI4000B microscope with DFC295 color camera 

(Leica), using LAS AF software to perform an automated tile scan of entire hemisections under 

a 5× objective, and to capture higher-resolution images of specific regions under a 20× 

objective. 

Analysis 

A one-way analysis of variance (ANOVA) was used to evaluate T2 ratio data and total 

proliferation levels as a function of time. For regional analysis of proliferation and percentage of 

proliferating cells that were Olig2+, a two-way ANOVA was performed to evaluate the 

importance of age, location, and age-location interaction on the dependent variable. Tukey post-
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hoc comparisons were used to examine within- and between-group differences for each 

ANOVA. P < 0.05 was considered significant for all statistical tests. 

 

Section II. Methods for Mouse Studies (Chapter 4) 

Animals 

All animal procedures were performed in accordance with IACUC and NIH guidelines. BrdU 

(Sigma-Aldrich, St. Louis, MO) was dissolved in sterile phosphate-buffered saline (PBS) and 

delivered by intraperitoneal injection at a dose of 50 mg/kg; EdU (Invitrogen, Waltham, MA) was 

prepared identically and delivered at an equimolar dose, 41 mg/kg. Tamoxifen was dissolved in 

sterile-filtered corn oil and delivered by maternal gavage in a dose of 5 mg/day, or 

intraperitoneally into mice P10 or older in a dose of (4mg/30g body weight). Neonatal 

intracerebroventricular viral injections were performed in P1 mice using coordinates (2.0mm 

posterior from intraocular line, 0.8mm lateral from midline, 1.5mm deep from skin) with a 

microinjection needle positioned vertically (0 degrees). 1 µl of virus (Adeno-CMV-Cre, Vector 

Biolabs, 1010 pfu/ml; RCAS-GFP, ~2x107 pfu/ml) was delivered into lateral ventricle, because 

direct injection into the 4th ventricle would have risked accidental puncture of the ventricular 

surface and labeling of pons parenchyma, as well as inadvertent contact with cerebellar mossy 

fiber axons from the precerebellar pontine nuclei. Transcardial perfusion and post-fixation were 

performed as previously described (Han et al., Nat Neurosci, 2008). Transgenic mouse strains 

are described in Table 3. Transgenic mice were on a mixed background containing CD1 and 

C57BL/6. "Wild type" animals in all figures were CD1 (Charles River, Wilmington, MA), except 

for Ch.4 Fig. 5e-h in which "wild type" represents GFP-negative littermates of the 

ALDH1L1:GFP mice used elsewhere in those panels. 

 

Histology 
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Because of the placement of the mesencephalic and pontine flexures, a standard coronal 

section (Franklin and Paxinos, 1997; Paxinos et al., 2007) cannot contain the full dorsal-ventral 

extent of the pons, from basis pontis through tegmentum up to the 4th ventricle.  Therefore, for 

many experiments (including parts or all of: Ch. 4 Figs. 1, 2, 4, Supplementary Figs. 5 and 6) I 

blocked tissue in an oblique plane, orthogonal to the spinal cord, illustrated in Ch. 4 Fig. 1a. This 

plane contains basis pontis, tegmentum, and 4th ventricle, and is optimally suited for 

measurement of pons size and other comparisons between basis pontis and tegmentum.  For 

studies of proliferation and/or the ventricular zone, I blocked sections in the standard coronal 

plane, allowing a wider ventricular space to separate brainstem from cerebellum. For viral 

fatemapping following lateral ventricle injection (Ch. 4: Supplementary Fig. 4), sections were 

coronal or sagittal. All tissue sections were prepared at 50µm thickness on a sliding-freezing 

microtome (Leica Microsystems, Buffalo Grove, IL), following cryoprotection in 30% sucrose in 

PBS + 0.1% sodium azide, and subjected to immunohistochemistry as floating sections. Some 

stains required antigen retrieval in 10mM citrate buffer (pH6.0) at 95°C for 10-20 min. All 

sections were blocked for 30-60 min at room temperature in buffer containing PBS, 0.1% Triton 

X-100 (Fisher Scientific), and 2%-5% species-specific serum (depending on host species of 

secondary antibody); antibodies were diluted in blocking buffer for primary antibody incubation 

(overnight at 4°C) and secondary antibody incubation (2 hrs at room temperature); rinses were 

performed in PBS/0.1%Triton.  Primary antibodies were applied simultaneously, except for anti-

BrdU (described below). 

 

Antibodies 

Primary antibodies and dilutions are described in Table 4.  Secondary antibodies were from 

Invitrogen or Jackson Immunoresearch (West Grove, PA), raised in donkey (if one primary 

antibody was raised in goat) or in goat (in all other cases), and isotype-specific secondary 

antibodies were used where available; secondary antibodies were conjugated to Alexa Fluor 
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488, 546, 555, 568, 594, or 647 dyes (Invitrogen), or to DyLight 488 or Cy5 dye (Jackson 

Immunoresearch).  DAPI (1:5000; Sigma) was added during secondary antibody incubation. 

 

Thymidine analog detection 

For BrdU costaining, a sequential protocol was used in which non-BrdU antigens were labeled 

by primary and secondary antibodies as above; then, fluorophores were fixed into tissue by 15 

min in 4%PFA, followed by denaturation with 2N HCl at 37°C and quenching in boric acid buffer 

pH8.5 as previously described (Ponti et al., 2013), and finally, blocking and immunostaining with 

anti-BrdU primary and fluorophore-conjugated anti-rat secondary antibodies.  For EdU 

detection, the Click-iT EdU Alexa Fluor 647 kit (Invitrogen) was used prior to immunostaining 

according to manufacturer’s instructions. 

 

Imaging 

Tiled images of entire sections were collected on a Zeiss Axiovert 200M inverted 

epifluorescence microscope under 5x or 10x objectives (Carl Zeiss, Pleasanton, CA), using the 

“Virtual Tissue” module of NeuroLucida/StereoInvestigator software (MicroBrightField, Williston, 

VT), an automated stage controller (MicroBrightField), and an AxioCam (Carl Zeiss) or 

Hamamatsu Orca camera (Hamamatsu, Shizuoka Pref., Japan). High-resolution images were 

acquired on SP5 Confocal Microscopes (Leica), equipped with LAS AF software, under a 20x 

objective and optical zoom to resolutions between 0.757 µm/px and 0.278 µm/px. Fluorophores 

were excited by sequential scans using fixed-wavelength or white-light lasers, with emission 

detection windows chosen to avoid bleed-through in single-fluorophore controls. Individual 

image channels were merged into RGB images in batches using CellProfiler software 

(Carpenter et al., 2006), or for few-image experiments, manually using Adobe Photoshop 

(Adobe Systems, San Jose, CA). 
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Size measurements 

DAPI-stained mouse pons sections, oriented in the oblique plane described above, were 

collected as tiled images in NeuroLucida as described, then pons regions were measured offline 

in NeuroLucida software by drawing contours around basis pontis and whole pons. Basis pontis 

was defined as “pons proper” (Alonso et al., 2013), i.e., pontine gray nuclei plus adjacent white-

matter tracts (transverse fasciculus pontis, longitudinal fasciculus pontis, and middle cerebellar 

peduncle in its ventralmost aspect, i.e. excluding portion contacting tegmental nuclei). Pontine 

tegmentum was defined by subtraction of basis pontis from whole pons. Volumes for basis 

pontis and tegmentum were computed as the sum of respective regional areas in every second 

section through pons, times the distance between sections (100 µm = 50 µm section thickness x 

every second section). For the size study, I used CD1 wild type mice at ages P0 (n=3), P4 

(n=4), P10 (n=3), P16 (n=3), P24(n=3), and P64 (adult, n=3). 

 

Tracing of myelinated tracts 

The tracing in Fig. 2a, showing major white-matter tracts in mouse pons, was obtained by offline 

NeuroLucida tracing of a MBP-stained P16 pons section in the oblique orientation. Tracing was 

exported as a PostScript file and imported as vector art into Adobe Illustrator (Adobe Systems). 

 

Proliferation maps 

Tiled images of mouse brainstem sections, oriented in coronal plane to better distinguish VZ of 

4th ventricle, were co-stained for BrdU, Vimentin, and GFAP, then imaged in StereoInvestigator 

software and traced offline. Markers were placed at the location of every BrdU+ nucleus, with 

distinct markers for cells in VZ, cells contacting Vimentin+ processes along the midline, cells 

contacting GFAP+ processes branching off the midline, and cells in parenchyma. Maps were 

exported as postscript files and imported as vector art into Adobe Illustrator. 
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Proliferation measurements 

Mouse brainstem sections were immunostained for BrdU and other markers as described 

above. For VZ proliferation (Ch. 4: Fig. 3f), I used StereoInvestigator to perform live counting 

under a 10x objective, identifying BrdU+ cells in VZ by their overlap with the dense DAPI zone 

along the 4th ventricle; ventricular surface length was also measured live in StereoInvestigator. I 

analyzed every 3rd section (in ages P0-P12) or every 6th section (in ages P16 and up) through 

the pontine VZ. Density was computed as the ratio of BrdU+ VZ cells to VZ length. For 

measurements of proliferation density among parenchymal populations (Ch. 4: Figs. 3, 5, 6; 

Supplementary Figs. 2, 6), counting was done offline. Confocal images were acquired as 

overlapping individual fields at 0.505µm/px resolution spanning the entire (lateral-medial-lateral) 

extent of basis pontis or pontine tegmentum in a given section; I used StereoInvestigator for 

manual alignment of individual fields, region-area measurements, and exhaustive counting of 

BrdU+ cells and colocalized markers (Sox2, Olig2, GFP, Sox10, or DsRed). For pons 

parenchyma, proliferative cell density was computed as the ratio of BrdU+ cells to area of basis 

or pontine tegmentum. For the pontine midline domain, which was defined as the medial white 

matter space in the section and at all ages was within 50µm of the midline, proliferative cell 

density was defined as the ratio of BrdU+ cells to length of midline. For midbrain and medulla, 

proliferation density was measured using a single confocal field per animal, taken at the 

following sites: superior colliculus (midbrain tectum), dorsal raphe nucleus (midbrain 

tegmentum), interpeduncular nucleus (ventral midbrain), prepositus hypoglossal nucleus (dorsal 

medulla), inferior olivary nucleus (ventral medulla). I used n = 3 animals per timepoint, and up to 

10 timepoints per strain: wild type and NG2:DsRed mice were aged at 4-day intervals from P0-

P32, plus P64 (adult); ALDH1L1:GFP mice were aged at 2-day intervals from P0-P12, plus P16, 

P20, and P64 (adult). 

 

BrdU fatemap counts 
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BrdU labeled cells in the pulse-chase experiment (Ch.4: Fig. 5e-h) were imaged and counted 

exhaustively offline in basis pontis and tegmentum as in acute proliferation experiments 

(described above).  Astrocyte counts were from ALDH1L1:GFP mice and included cells that 

were ALDH1L1:GFP+BrdU+ and/or GFAP+BrdU+. Oligodendroglia counts were from wild type 

(GFP–) littermates of the GFP+ mice and included cells that were Olig+BrdU+ and/or APC+BrdU+. 

n = 3 mice were used per strain. 

 

Percentage counts 

For measurements of the Sox2:GFP+ subpopulation of Sox10+BrdU+ cells at P45 (Ch. 4 Fig. 6l), 

overlapping confocal fields spanning the basis pontis or pontine tegmentum were acquired from 

one section per animal at resolution of 0.505 µm/px; image alignment and exhaustive counting 

were performed offline in StereoInvestigator. For P4, the same procedure was performed, 

except due to the abundant proliferation, cells were selected by systematic uniform random 

sampling using the Area Fractionator probe and an area sampling fraction of 1/16.  n = 3 

animals were used per timepoint.  For measurements of the TdT+ percentage of APC+Olig2+ 

oligodendrocytes in Sox2CreER;Ai14 mice (Ch. 4 Fig. 7g), systematic uniform random sampling 

through basis pontis or tegmentum was performed live under a 20x objective using the Optical 

Fractionator probe; the number of OLs counted per region per animal averaged 193, with 

minimum of 106 and maximum of 382. n ≥ 3 animals were used per cohort, with specific n 

indicated in the figure. For the preliminary counts of p-Vim+ cells (Ch. 4: Supplemental Fig. 11a), 

counting was exhaustive through a single basis pontis section per animal, with n = 1 mouse per 

timepoint. 

 

Stereologic counts 

For counts of oligodendroglia, I performed co-immunofluorescent labeling of Olig2, Sox10, and 

APC, followed by live systematic uniform random sampling under a 20x objective using the 
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Optical Fractionator probe in StereoInvestigator. OLs expressed APC plus at least one of Olig2 

and Sox10; OLPs expressed both Olig2 and Sox10 but not APC. Thus a cell was only 

considered oligodendroglial if it expressed at least two of the three markers. For all samples the 

counting frame was 50 µm x 50 µm, and cell nuclei were used to define cell location with 

respect to the optical disector. Average mounted section thickness varied with age from 30µm to 

50µm. Because of pons growth over postnatal development, and also because of the 5x size 

difference between mouse tegmentum and basis pontis, I chose the sampling parameters on a 

per-region, per-animal basis, to count an average of at least 200 cells per region per animal. 

Grid step size varied from 200 µm x 200 µm (at P0) to 350 µm x 350 µm (at P64) in basis 

pontis, and from 480µm (at P0) to 800 µm (at P64) in pontine tegmentum; section interval varied 

from 4 (at P0) to 12 (at P64). The resulting number of oligodendroglia counted per basis pontis 

averaged 204, with a minimum of 83 and maximum of 305; the number of oligodendroglia 

counted per tegmentum averaged 242, with a minimum of 127 and maximum of 378.  

Stereologic counts of OLs and OLPs in basis pontis and tegmentum were obtained from 3 

separate animals per timepoint, and mean counts and standard errors were computed from 

those 3 replicates. 

 

Statistics 

Means, standard errors, and p-values (by 2-tailed unpaired t-test) were computed in Microsoft 

Excel (Microsoft, Redmond, WA). 3-way and 2-way ANOVA was performed in Stata 13 

(StataCorp, College Station, TX). Bonferroni correction was performed for multiple pairwise 

comparisons of ANOVA proliferation among regions (Ch.4: Fig. 3, Supplementary Fig. 2) and 

cell types (Ch.4: Fig. 6, Supplementary Fig. 6).  For the 3-way ANOVA in Ch.4 Fig. 5D, 

comparing proliferative cell density across ages, regions, and cell types (ALDH1L1:GFP+BrdU+ 

astrocytes vs Sox10+NG2:DsRed+BrdU+ OLPs), comparison was limited to the 7 timepoints 

measured in both strains (P0, P4, P8, P12, P16, P20, P64); the three additional timepoints 
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uniquely measured in each strain (P2, P6, and P10 in ALDH1L1:GFP; P24, P28, and P32 in 

NG2:DsRed) were omitted from that calculation. A separate ANOVA was performed pooling 

single-strain timepoints with both-strain timepoints, in 6 groups: P0-P2, P4, P6-P10, P12, P16, 

P20-P32, and P64; p-values from this second ANOVA were as small as or smaller than those 

produced by the first. Therefore I reported the first, more conservative result. For all 

experiments (save the preliminary experiments on phospho-vimentin), a minimum n of 3 mice 

per timepoint was chosen based not on power analysis but on past studies of brain region 

growth (Fink et al., 1991) and hindbrain development (Miguez et al., 2012). Distributions were 

assumed to be normal but this was not formally tested. 
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Table 1. List of Human Specimens.

Specimen 
Number

Postnatal 
Age

Gestational 
Length (wks)

APGAR 
(1,5 min) Gender Diagnosis

Postmortem 
Interval (hrs)

Year of 
Autopsy Source

1 1 day 38 1/7 1,0 F Pulmonary failure 72 2011 1
2 1 mo 35 6/7 8,8 M Cardiac anomaly 36 2008 1
3 2 mo 37 5,6 M Hepatic failure 24 2011 1
4 7 mo 31 4/7 — M Cardiac anomaly 24 2011 1
5 1.5 yr — — F Sepsis 29 2007 1
6 3 yr — — M Asphyxia 16 2009 2
7 7 yr — — F Lymphoma 2 2007 1
8 8 yr — — M Trauma 16 2009 2
9 13 yr — — M Trauma 15 2009 2
10 13.5 yr — — M Trauma 19 2010 2

Tissue sources: (1) UCSF Dept. Pathology, (2) NICHD Brain and Tissue Bank
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Table 2. Primary Antibodies Used for Human Pons Studies

Antigen Immunogen
Source, Species/Clonality, 

Catalog no., RRID Dilution
Tyramide 

Amplification

GFAP bovine full length protein
Abcam, chicken polyclonal, 

Cat. no. ab4674, 
RRID:AB_304558

1:500 N

GFAP purified GFAP from 
porcine spinal cord

EMD Millipore, mouse 
monoclonal IgG1 (clone 
GA5), Cat. no. MAB360, 

RRID:AB_2109815

1:1000 N

Ki67 Ki67 motif-containing 
cDNA fragment

Leica Microsystems, rabbit 
polyclonal, Cat. no. NCL-
Ki67p, RRID:AB_442102

1:1000 Y

Ki67 human Ki67

BD Biosciences, mouse 
monoclonal IgG1  (clone 
B56), Cat. no. 556003, 

RRID:AB_396287

1:200 Y

MBP human myelin basic 
protein

EMD Millipore, rabbit 
polyclonal, Cat. no. AB980, 

RRID:AB_92396
1:500 N - chromogenic 

DAB amplification

Nestin human nestin cDNA 
fragment

EMD Millipore, rabbit 
polyclonal, Cat. no. 

AB5922, RRID:AB_91107
1:500 Y

Nestin human nestin cDNA 
fragment

Covance Research 
Products, mouse 

monoclonal IgG1 (clone 
2C1 3B9), Cat. no. MMS-

570P-100, 
RRID:AB_291466

1:500 Y

Olig2
fusion protein containing 

N-terminus of mouse 
Olig2

CD Stiles/Harvard, rabbit 
polyclonal, Cat. no. DF308, 

RRID: AB_2336877
1:1000 N

Olig2
fusion protein containing 

N-terminus of mouse 
Olig2

CD Stiles/Harvard, mouse 
monoclonal IgG, Cat. no. 

TV73–1C10, RRID: 
AB_2336878

1:500 Y

phospho-ser55-Vimentin

Synthetic phophopeptide 
corresponding to Mouse 
phophorylated vimentin 

Ser55 (SLYSS-
phosphoS55-PGGAYC-

KLH)

MBL International, mouse 
monoclonal IgG2b, Cat no. 
D076-3, RRID: AB_592963

1:500 Y

Vimentin human thymic nuclear 
extract

Sigma-Aldrich, mouse 
monoclonal IgM (clone LN-

6), Cat. no. V2258, 
RRID:AB_261856

1:200 N

Vimentin bovine eye lens protein

Dako, mouse monoclonal 
IgG2a (clone Vim 3B4), Cat. 

no. M7020, 
RRID:AB_2304493

1:100 Y
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Table 3. Transgenic Alleles Used in Mouse Pons Studies

Strain Type of allele Purpose Source Citation for allele
ALDH1L1:GFP BAC transgenic Labeling of astrocytes David Rowitch, UCSF Cahoy et al., 2008

NG2:DsRed BAC transgenic Labeling of NG2+ cells (OLPs 
and pericytes)

Lily Jan, UCSF Ziskin et al., 2007

NG2CreER BAC transgenic Fate-mapping of NG2+ cells Jackson Lab Zhu et al., 2011

Sox2:GFP Knock-in Labeling of Sox2+ cells Jackson Lab Arnold et al., 2011

Sox2CreER Knock-in Fate-mapping of Sox2+ cells Jackson Lab Arnold et al., 2011

Gli1CreER BAC transgenic Fate-mapping of Gli1+ cells
Alexandra Joyner, 
Memorial Sloan-
Kettering

Ahn and Joyner, 2004

Gli1:nLacZ Knock-in Labeling of Gli1+ cells Jackson Lab Bai et al., 2002

FoxA2CreER Knock-in Fate-mapping of midline cells Ross Metzger, UCSF Park et al., 2008

Olig2-tva-IRES-cre Knock-in Fate-mapping of Olig2+ cells David Rowitch, UCSF Schuller et al., 2008

Sox2 flox Conditional 
deletion Postnatal deletion of Sox2 Ophir Klein, UCSF Shaham et al., 2009

Ai14 Conditional 
reporter

TdTomato labeling of Cre-
recombined cells and 
progeny (using viral or 
hereditary Cre)

Jackson Lab Madisen et al., 2009

Nestin:Tva Transgene RCAS retroviral fatemapping 
of VZ progenitors Jackson Lab Holland et al., 2008
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Antigen
Host and 
Isotype Clone ID Dilution Immunogen Vendor Catalog number

APC (Adenomatous 
Polyposis Coli)

Mouse 
IgG2b Clone CC-1 1:500 Recombinant protein consisting of 

amino acids 1-226 of APC EMD Millipore, Billerica, MA OP80

-galactosidase Chicken IgY Polyclonal 1:500
Full length recombinant -
galactosidase purified from E. coli Abcam, Cambridge, MA ab9361

BrdU 
(Bromodeoxyuridine) Rat IgG Clone BU1/75 1:600 Chemical BrdU Novus Biologicals, Littleton, CO NB500-169

GFAP (Glial Fibrillary 
Acidic Protein) Rabbit IgG Polyclonal 1:500 GFAP isolated from cow spinal cord Dako, Carpinteria, CA Z0334

GFAP (Glial Fibrillary 
Acidic Protein) Mouse IgG1 Clone GA5 1:1000 Purified glial filament EMD Millipore, Billerica, MA MAB3402

GFAP (Glial Fibrillary 
Acidic Protein) Chicken IgY Polyclonal 1:500

Full length bovine GFAP (purified 
from a Triton X-100 extract of myelin 
associated material by centrifugation 
and chromatography)

Abcam, Cambridge, MA ab4674

GFP (Green 
Fluorescent Protein) Rabbit IgG Polyclonal 1:1000 Highly purified recombinant full 

length GFP made in E. coli Abcam, Cambridge, MA ab6556

GFP (Green 
Fluorescent Protein) Chicken IgY Polyclonal 1:1000 Purified recombinant green 

fluorescent protein (GFP) Aves Lab, Tigard, OR GFP1020

Ki67 Mouse IgG1 Clone B56 1:400 Human Ki-67 BD Pharmingen, San Diego, CA 556003

MBP (Myelin Basic 
Protein) Rat IgG Clone 12 1:200 Intact MBP ABD Serotec, Raleigh, NC MCA4095

Nestin Mouse IgG1 Clone Rat-401 1:750 Nestin purified from embryonic rat 
spinal cord EMD Millipore, Billerica, MA MAB353

Nestin Chicken IgY Polyclonal 1:100

Peptide corresponding to a region of 
the Nestin gene product shared 
between the rat (AAA41119, NCBI) 
and human (NP_001966, NCBI) 
gene products.

Lifespan Biosciences, Seattle, WA LS-C73310

NeuN (Neuronal 
Nuclei) Mouse IgG1 Clone A60 1:200 Purified cell nuclei from mouse brain EMD Millipore, Billerica, MA MAB377

Olig2 Rabbit IgG Polyclonal 1:10000 Fusion protein containing N-terminus 
of mouse Olig2

Gift of C. Stiles, Dana-Farber Cancer 
Institute N/A

Olig2 Mouse 
IgG2a Clone 211F1.1 1:750 Fusion protein containing N-terminus 

of mouse Olig2
Gift of C. Stiles, Dana-Farber Cancer 
Institute N/A

phospho-ser10-
Histone H3 Rabbit IgG Polyclonal 1:1000 Linear peptide corresponding to 

human Histone H3 at Ser10. EMD Millipore, Billerica, MA 06-570

phospho-ser55-
Vimentin

Mouse 
IgG2b Clone 4A4 1:500

Synthetic MPV55 phophopeptide 
corresponding to Mouse 
phophorylated vimentin Ser55 
(SLYSS-phosphoS55-PGGAYC-
KLH)

MBL International, Woburn, MA D076-3

RFP (Red 
Fluorescent Proteins, 
including TdTomato)

Rat IgG Clone 5F8 1:1000 Immunogen not specified, but tested 
on monomeric RFPs ChromoTek, Planegg-Martinsried, Germany 5f8

RFPs (DsRed and 
TdTomato) Rabbit IgG Polyclonal 1:1000 DsRed-Express protein Clontech, Mountain View, CA 632496

S100 Rabbit IgG Polyclonal 1:500 S100 isolated from cow brain Dako, Carpinteria, CA Z033

Sox10 Goat IgG Polyclonal 1:100 Peptide mapping at the N-terminus 
of Sox-10 of human origin Santa Cruz Biotechnology, Dallas, TX sc-17342

Sox2 Goat IgG Polyclonal 1:250 Peptide mapping near the C-
terminus of Sox-2 of human origin Santa Cruz Biotechnology, Dallas, TX sc-17320

Vimentin Mouse IgM Clone LN-6 1:200 Human thymic nuclear extract Sigma-Aldrich, St. Louis, MO V2258

Table 4. Primary Antibodies Used for Mouse Pons Studies.
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Chapter 3 

Postnatal Growth of the Human Pons: A Morphometric and Immunohistochemical 
Analysis 

 

Abstract 

Despite its critical importance to global brain function, the postnatal development of the human 

pons remains poorly understood. In the present study, we first performed magnetic resonance 

imaging (MRI)-based morphometric analyses of the postnatal human pons (0–18 years; n = 6–

14/timepoint). Pons volume increased 6-fold from birth to 5 years, followed by continued slower 

growth throughout childhood. The observed growth was primarily due to expansion of the basis 

pontis. T2-based MRI analysis suggests that this growth is linked to increased myelination, and 

histological analysis of myelin basic protein in human postmortem specimens confirmed a 

dramatic increase in myelination during infancy. Analysis of cellular proliferation revealed many 

Ki67+ cells during the first 7 months of life, particularly during the first month, where proliferation 

was increased in the basis relative to tegmentum. The majority of proliferative cells in the 

postnatal pons expressed the transcription factor Olig2, suggesting an oligodendrocyte lineage. 

The proportion of proliferating cells that were Olig2+ was similar through the first 7 months of life 

and between basis and tegmentum. The number of Ki67+ cells declined dramatically from birth 

to 7 months and further decreased by 3 years, with a small number of Ki67+ cells observed 

throughout childhood. In addition, two populations of vimentin/nestin-expressing cells were 

identified: a dorsal group near the ventricular surface, which persists throughout childhood, and 

a parenchymal population that diminishes by 7 months and was not evident later in childhood. 

Together, our data reveal remarkable postnatal growth in the ventral pons, particularly during 

infancy when cells are most proliferative and myelination increases. 

 

Introduction 

The human pons, part of the brainstem, is an important relay for sensory and motor information 
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from the forebrain to the cerebellum. In addition, the pons plays essential roles in respiration, 

sleep, swallowing, eye movement, hearing, facial movement/sensation, posture, and 

maintenance of consciousness (Saladin, 2012). Anatomically, the pons can be divided into three 

regions: tectum, tegmentum, and basis. The tectum is the most dorsal component and forms the 

roof of the 4th ventricle. The tegmentum is also located dorsally within the pons and contains 

important autonomic structures, as well as nuclei of cranial nerves V–VIII, which control various 

facial movements and sensation. The ventral portion of the pons is occupied by the basis pontis. 

Pontine nuclei within the basis receive inputs from descending corticopontine fibers and project 

to the cerebellum via the middle cerebellar peduncle. 

During embryogenesis, the pons and cerebellum are formed from the metencephalon, which is 

derived from the rostral hindbrain (rhombencephalon) (Barkovich et al., 2009). In humans, 

pontine nuclei are derived from a stream of cells migrating from the rhombic lip termed the 

corpus pontobulbare between 8 and 20 weeks gestation (Essick, 1912). While a number of 

studies describe the development of the fetal pons (Nozaki et al., 1992; Fischbein et al., 1996; 

Hatta et al., 2007), less is known about postnatal pontine growth in humans, particularly at the 

cellular level. An improved understanding of the dynamics of growth and development of the 

human pons, particularly postnatal stem/progenitor populations, may provide insight into the 

development of this critical brain region and into abnormalities of the pons such as 

developmental malformations and pediatric gliomas (Barkovich et al., 2009). In this study, we 

quantified spatial and temporal growth profiles of the human pons throughout childhood using 

magnetic resonance imaging (MRI)-based morphometry. In addition, we examined cell 

proliferation and expression of progenitor markers as a function of age and location within the 

pons. 
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Results 

The human pons expands its volume 6-fold during postnatal child development 

We first compared the postnatal growth of the medulla and pons using MRI scans from children 

ranging in age from birth to 18 years of age (n = 10–15/timepoint). We subdivided the pons into 

dorsal (tegmentum) and ventral (basis) regions. Figure 1 illustrates the areas studied in the 

sagittal and axial planes. Volumetric analysis of the postnatal human pons revealed a dramatic 

growth over the first several years of life, with a tripling of the total pons volume in the first 6 

months (average growth rate of 532.9 mm3/mo), and an additional doubling between the ages of 

6 months and 5 years (rate = 106.1 mm3/mo) (Fig. 2A). Between 5 and 18 years there was 

continued growth of the pons, though at a more modest rate (13.7 mm3/mo). In contrast to the 

pons, the volume of the medulla showed less expansion over the same time periods, with 

growth rates of 118.7, 19.6, and –0.2 mm3/mo over the 0–6 months, 6 months to 5 years, and 

5–18 years time periods, respectively. 

Regional analysis showed that the growth of the pons was primarily due to a dramatic increase 

in the volume of the basis as compared to the tegmentum (Fig. 2B). Consistent with this 

preferential growth of the basis, the ratio of basis to tegmentum volume increased from 1.5 at 

birth to 2.0 at 3–6 months and stabilized at 2.3–2.7 for the remainder of childhood (Fig. 2C). The 

average volumetric growth rates of the pontine basis as a function of postnatal age (Fig. 2D) 

revealed three phases of growth. In the first 3 months of life, the basis dramatically expanded in 

volume, with a growth rate of ∼500 mm3/mo. Between 3 months and 1 year, the expansion rate 

decreased to 225 mm3/mo and remained constant over this interval. After 1 year, the growth 

rate gradually declined to near zero from 7 years onward. In contrast, medulla and tegmentum 

growth rates had dramatically declined by 3–6 months and 6 months to 1 year, respectively. 
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We next compared the T2 intensity signal in our MRI section analysis. T2 is a reflection of water 

content in the tissue and is inversely related to the amount of myelination (Abe et al., 2004). The 

ratio of T2 intensity between basis and tegmentum (Fig. 3A) decreased significantly throughout 

childhood (1-way ANOVA; F10,90 = 26.273, P < 0.001), ranging from 1.14 at birth to 0.85 at age 

18. Tukey post-hoc analysis revealed that the T2 ratio at birth was significantly higher than all 

other timepoints (P < 0.001) and the ratio at 3 months was significantly higher than 6 months, 9 

months, and 1 year (P < 0.01). The T2 ratio was not statistically different between any other 

timepoints between 6 months and 18 years. These observations suggest that the dramatic 

growth of the basis during the first phase may be due in part to increased myelination. Because 

our T2 MRI data suggested a relative increase in myelination of the basis during the first 6 

months, we performed DAB-based immunostaining of myelin basic protein in pons sections 

(Fig. 3B–J). We observed an increase in the extent of myelination from 1 day to 7 months, 

clearly visible as a progressive thickening of myelinated tracts in the basis, including the 

longitudinal fibers of the corticospinal tract (CST) and the horizontally oriented fibers within the 

pontine nuclei (PN). Myelination increased further from 7 months to 3 years of age. Myelin 

distribution at ages older than 3 years was similar to 3-year samples, and similar results were 

obtained by labeling myelin with Luxol Fast Blue dye (data not shown). 

 

Spatial and temporal profile of proliferation in the postnatal human pons 

The dramatic growth of the pons during postnatal life, and in particular of the basis, could be 

due to the addition of new cells, growth and addition of cellular processes, or both. The T2 MRI 

analysis and MBP immunohistochemistry suggested that increased myelination may partially 

account for this growth, particularly during the first 6 months of life. In order to determine the 

contribution of cell proliferation to pontine growth, we used 10 postmortem fixed human 

brainstem samples ranging from birth to 15 years of age (Table 1). The density of proliferating 
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cells in the entire pons, defined as the number of Ki67+ cells per mm2, was determined in 20 µm 

transverse sections (Fig. 4A). The proliferating cell density decreased significantly with 

increasing age (one-way ANOVA; F4,5 = 49.77, P < 0.001), and a significantly higher density of 

Ki67+ cells was observed in the 0–1 months group (I, 28.1 cells/mm2) compared to all other 

groups (Tukey post-hoc comparison; P < 0.001). In the 2–7 months group (II), the density of 

Ki67+ was reduced ∼10-fold (2.6 cells/mm2) compared to the 0–1 month group. From 2–13 

years of age (Groups III–V), very low levels of proliferation were observed (0.09–0.17 cells/mm2) 

(Fig. 4B,C). 

A similar analysis of proliferation was performed separately for the tegmentum and basis (Fig. 

4D,E). A two-way ANOVA revealed that proliferation density was a function of time (F4,10 = 

49.01, P < 0.001) and location (F1,10 = 7.52, P < 0.05), and there was a significant interaction 

between time and location (F4,10 = 8.32, P < 0.003). Tukey post-hoc analysis indicated that 

proliferation was higher at 0–1 months (Group I) compared to all other timepoints for both 

tegmentum (P < 0.02) and basis (P < 0.001). In addition, at 0–1 months, proliferation was higher 

(P < 0.001) in the basis (36.1 cells/mm2) compared to tegmentum (15.5 cells/mm2). At the later 

four timepoints examined in the subregion analysis (Groups II–V), proliferating cell density 

within and between the two pons regions was not statistically different. 

In order to detect possible foci of proliferation that may be overlooked by counting Ki67+ cells 

throughout the pons, we constructed spatial maps to assess the distribution of proliferation 

within the pons as a function of postnatal age (Fig. 5). In samples from 1-day brains, a higher 

density of proliferating cells was seen throughout the pons as compared to later timepoints. In 

addition, there was an increased density of Ki67+ cells within the basis compared to the 

tegmentum, particularly in the ventral and lateral basis. Interestingly, at this very early postnatal 

age, Ki67+ cells were observed in clusters within white matter tracts (cerebellar peduncle, 

corticospinal tracts, and transverse pontine fibers). Higher levels of proliferation were also noted 
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throughout the pons at 1 month, with corresponding increased Ki67+ cell density within the basis 

relative to tegmentum. However, the proliferating cells were distributed in a more homogeneous 

manner. At 7 months, the number of Ki67+ cells was markedly lower, and the relative density of 

proliferating cells was similar in the basis and tegmentum. In all brainstem samples analyzed 

from ages 1.5–13 years, Ki67+ cells were rare and distributed throughout the basis and the 

tegmentum. The above results suggest abundant cell proliferation during the first 7 months after 

birth, with particularly high numbers during the first month. In order to address the possibility 

that the observed proliferative cells might be reactive astrocytes, we performed co-

immunofluorescence for Ki67 and the astrocyte marker GFAP (Fig. 6F). Confocal microscopy 

demonstrated that GFAP+ processes did not surround Ki67+ nuclei. In fact, we observed no 

reactive astrocytes in our autopsy samples, but rather a network of normal, thin GFAP+ 

astrocyte processes throughout the tissue. 

 

Majority of postnatal proliferating cells are Olig2+ 

The MRI-based morphometric data showed robust growth and increased myelination in the 

early postnatal pons. The histological analysis of pontine postmortem tissue also showed 

cellular proliferation in the white matter regions. These observations led us to analyze the 

proportion of proliferating cells expressing Olig2, a progenitor marker that is frequently 

associated with the generation of oligodendrocytes. Human pons sections ranging from 1 day to 

7 months were double-labeled for Ki67 and Olig2, and the tegmentum and basis were analyzed 

(Fig. 6). In the 0–1 month group, double-labeled Olig2+/Ki67+ cells were seen in both the basis 

and the tegmentum. Increased density of both single-labeled (Ki67+) and double-labeled 

(Olig2+/Ki67+) cells were observed in the basis relative to tegmentum. The majority of Ki67+ 

cells in the basis were Olig2+ (57.0 ± 3.5%), but single-labeled cells for either marker were also 

observed (Fig. 6). By 2–7 months of age, the number of Ki67+ and Ki67+/Olig2+ cells declined in 
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both pons locations relative to the 0–1 month group, consistent with the proliferation analysis 

described earlier. However, despite the smaller number of proliferating cells in the 2–7 months 

age group, the proportion of proliferating cells that were Olig2+ remained stable (61.8 ± 2.57%) 

and was not statistically different between pons subregions or when compared to 0–1 month 

data (Fig. 6E). 

 

Nestin and vimentin expression in the postnatal human pons 

The above results indicate that more than half of the proliferating cells express Olig2. However, 

there was a significant fraction of Ki67+ cells that were Olig2–. A recent study describing nestin- 

and vimentin-positive cell populations in the pons throughout childhood (Monje et al., 2011) 

suggested that some such cells may correspond to neural stem cells. We therefore examined 

the spatial and temporal profile of nestin- and vimentin-expressing cells in the pons ventricular 

zone, tegmentum, and basis. At postnatal day 1, a dense population of nestin+, vimentin+, and 

nestin+/vimentin+ cells was seen lining the ventricle (Fig. 7). Interestingly, the majority of these 

cells had radial processes into the tegmentum, suggesting the postnatal persistence of a 

population of radial glia. At this early timepoint, we also observed nestin+/vimentin+ processes in 

both the tegmentum and basis. Interestingly, in the basis these double-labeled processes were 

oriented parallel to white matter tracts. A similar pattern of vimentin and nestin expression was 

observed at 1 and 2 months of age, although the total number of positive cells decreased. By 7 

months, dorsal vimentin+/nestin+ cells remained present in the ventricular region, but only very 

rare single- or double-labeled cells were observed in the parenchyma of the tegmentum or 

basis. From 7 months through the later childhood years, this spatial restriction of nestin and 

vimentin expression to the ventricular lining was maintained, although the number of vimentin+ 

radial fibers, and to a greater degree the nestin+ processes, decreased over time. No specific 
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labeling of nestin+ or vimentin+ processes was seen in the basis or tegmentum at any ages over 

7 months. 

 

Discussion 

The present morphometric analysis of the human postnatal pons demonstrates substantial 

growth of the pons throughout childhood, particularly in the basis pontis. The MRI and 

histological studies suggest that this expansion of the ventral pons is at least in part due to 

addition of oligodendrocytes and increased myelination. This finding is consistent with previous 

immunohistochemical and radiographic data showing that while myelination of the tegmentum is 

largely complete by birth, an increase in myelination of the basis pontis is observed in the first 

3–4 months of life (Brody et al., 1987; Kinney et al., 1988; Nozaki et al., 1992). At the cellular 

level, the wave of Olig2+ cell proliferation observed not only in the basis, but also to a lesser 

degree in the tegmentum, appears to peak early in postnatal life (0–1 month). Yet the pons 

continues to grow at high rates up to 1 year and at slower rates up to 5 years of age. This 

suggests that only some of the observed growth can be attributed to cell addition, and that the 

slow, steady growth observed from 1 to 5 years is likely due to increase in the neuropil, 

including expansion of the corticospinal tract. Consistent with this finding, a previous study 

demonstrated a decrease in neuronal number and volume in the pontine nuclei of the basis 

between birth and 2 months (Nozaki et al., 1992). Our data suggest that most of the growth after 

1 year is related to an increase in cellular processes and cellular size rather than cell number. 

The tremendous growth of the human pons during infancy and childhood raises fundamental 

questions, not only of the basic cellular mechanisms that explain this expansion, but also about 

its functional correlates. Pontine growth is likely associated with consolidation of neural circuits 

for motor coordination and learned behaviors during this critical stage of human development, 

consistent with experimental data showing robust synaptogenesis and consolidation of cortico-
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pontine tracts in the early postnatal time period (Adams et al., 1980; Mihailoff et al., 1984). The 

ventral pool of proliferating Olig2+ cells within the basis pontis may be critical for the robust 

expansion of white matter tracts in this region during early postnatal life. While the source of this 

postnatal proliferative population in the pons is unclear, it raises the possibility that persistent 

primary progenitors in germinal niches of the postnatal brainstem, analogous to the rhombic lip 

present during fetal development, may continue to be a source of Olig2+ precursors. 

Alternatively, these precursors may be produced before birth, and migrate widely to proliferate 

and differentiate locally. 

The present results are also relevant to better understand the origins of one of the most lethal 

types of pediatric brain tumors. Diffuse intrinsic pontine glioma (DIPG) remains an important 

clinical problem, comprising 10–15% of childhood brain tumors (Fangusaro, 2009). Patients 

typically present at 5–9 years of age and have a dismal prognosis, with a median survival of 

less than 1 year (Wagner et al., 2006). Genomic studies have identified several mutations found 

in DIPG, including H3F3A/HIST1H3B (Wu et al., 2012), PDGFRA (Zarghooni et al., 2010; 

Paugh et al., 2011; Puget et al., 2012), TP53 (Grill et al., 2012), and ADAM3A (Barrow et al., 

2011). Recent work suggests that progenitor cells give rise to other pediatric brain tumors, such 

as cerebellar granule cell precursor-derived medulloblastomas (Schuller et al., 2008), 

precerebellar neuronal precursor-derived medulloblastomas (Gibson et al., 2010), and radial 

glia-derived ependymomas (Taylor et al., 2005). Given the predominant ventral growth of DIPG 

(Fischbein et al., 1996) and a recent report of expression of progenitor markers in the postnatal 

human pons (Monje et al., 2011), it has been suggested that the ventral pons may contain the 

cell of origin for DIPG. In addition, a recent report demonstrated that >90% of DIPGs express 

Olig2 (Ballester et al., 2013). These data, in combination with the findings in the present study, 

suggest some interesting hypotheses. First, the presence of a dorsal vimentin+/nestin+ cell 

population in the human pons throughout childhood suggests that this cell population may be a 
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potential cell of origin for focal human brainstem tumors, which tend to occur dorsally in the 

region of the aqueduct of Sylvius/4th ventricle in the midbrain, pons, and medulla (Fischbein et 

al., 1996). Second, the scarcity of proliferative progenitors past early postnatal stages suggests 

that if DIPG originates from a proliferating cell in the ventral pons, oncogenic events would likely 

occur early in childhood, and it may take years for these tumors to become fully malignant. By 

contrast, if DIPG originates shortly before diagnosis (ages 5–9), a time period where we 

observed that pons growth is rapidly decelerating, then DIPG may derive from transformation of 

a nonproliferative cell, for example, a Olig2+/Ki67– cell. We observed very low numbers of Ki67+ 

cells in the pons during the period when DIPG is most frequently diagnosed, although we 

cannot exclude that those rare dividing cells could be the origin of these tumors. 

In summary, the present study provides a quantitative description of the extraordinary growth of 

the human pons during infancy and childhood. Our data indicate that both the tegmentum and 

the basis grow significantly during this period, but the basis pontis expands at rates higher than 

the tegmentum or the medulla. This preferential growth of the basis is at least in part mediated 

by increased myelination, consistent with the presence of a large number of proliferating Olig2+ 

cells during early postnatal ages. These data, in conjunction with previous studies of brainstem 

development, suggest distinct cell populations as potential cells of origin for different brainstem 

tumors. Future studies evaluating the origin and fate of postnatal progenitor populations in 

model systems may give insight into the mechanisms of the postnatal growth of the pons and a 

possible cell of origin of pediatric pontine gliomas. 
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Figure 1. Brainstem morphometric measurements.
The upper panel (A) is an example mid‐sagittal T1‐weighted MRI showing the 
basis pontis (yellow), pontine tegmentum (red), and medulla (blue). Dashed lines 
illustrate the axial sections extending from proximal pons to distal medulla that 
were used to estimate volumes. For each cross‐section, the relevant brainstem 
subregions (tegmentum, basis, and medulla) were traced to determine the 
volume. The lower panels illustrate the tracing of axial images through mid‐pons 
(B, left) and mid‐medulla (C, right) levels. D = dorsal, V = ventral, R = rostral, C = 
caudal.
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Figure 2. Brainstem volume measurements.
A: Volume of pons and medulla (mm^3) as a function of postnatal age demon-
strates robust and sustained growth in the pons compared to the medulla. B: Com-
parison of basis versus tegmentum volumes over time demonstrates that the major-
ity of growth observed in the pons occurs in the basis. C: Analysis of the ratio of 
pons basis to tegmentum volume, illustrating increasing ratio over the first 6 months 
followed by stabilization for the remainder of childhood. D: In the basis pontis, 
volumetric growth rates are highest in the first 3 months, followed by decreased but 
steady growth up to 1 year that subsequently declines to near zero growth by 18 
years. In contrast, the medulla and tegmentum growth rates rapidly declined by 3–6 
months and 6 months to 1 year, respectively.
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Figure 3. Myelination in the postnatal basis pontis.

Legend is on the following page.
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Figure 3. Myelination in the postnatal basis pontis.
A: Quantification of the ratio of T2 signal in the basis relative to tegmentum, which is 
inversely correlated with the degree of myelination in the basis, indicating that 
myelination coincides with the observed early postnatal volumetric growth of the 
basis (Fig. 2). One‐way ANOVA demonstrated a significant effect of age on T2 ratio 
(F(10,90) = P < 0.001) and post‐hoc Tukey comparison revealed a significant differ-
ence between age 0 and all other ages (*P < 0.05) and between 3 months and 6 
months, 9 months, and 1 year (#P < 0.05). B: Immunolabeling of myelin basic protein 
in pons hemisections (counterstained with hematoxylin) reveals progress of myelina-
tion during early childhood (1 day to 3 years). Samples aged older than 3 years were 
similar to 3‐year samples (data not shown). B′: Schematic shows location of white 
matter tracts running through pontine nuclei (PN) and corticospinal tract (CST), 
shown at higher magnification in C–J. C–J: Fibers in both regions undergo significant 
increase of myelination from birth to 7 months and more modest increase from 7 
months to 3 years.
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Figure 4. Temporal profile of pontine proliferation.

Legend is on the following page.
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Figure 4. Temporal profile of pontine proliferation.
A: Raw data for proliferating cell density (#Ki67(+) cells/area of interest [mm^2]) for 
each pons specimen, expressed as the total and region‐specific (basis, tegmentum) 
densities. Age Groups I–V refer to pooled data used for time‐dependent analyses of 
proliferation density detailed in B–E. B: Pons proliferation as a function of postnatal 
age, indicating a monophasic pattern of proliferation, with an ~10‐fold reduction 
between the first month of life (I) and 2–7 months of age (II). The proliferating cell 
density decreased significantly with increasing age (one‐way ANOVA; F(4,5) = 
49.77, P < 0.001), and a significantly higher density of Ki67+ cells was observed in 
the 0–1 months group (I, 28.1 cells/mm^2) compared to all other groups (Tukey 
post‐hoc comparison; P < 0.001). C: Proliferation decreased to very low levels by 
1.5–2 years and remained very low throughout childhood (note second graph on 
right with reduced density scale on y‐axis for time categories III–V). Note that a few 
Ki67+ cells are found in the pons in late childhood and adolescence. D,E: Compart-
mental analysis of proliferation as a function of time and location revealed decreased 
proliferation with increasing age and in the tegmentum relative to basis (two‐way 
ANOVA; time: F(4,10) = 49.01, P < 0.001; location: F(1,10) = 7.52, P < 0.05; 
time*location: F(4,10) = 8.32, P = 0.003). Proliferation was higher at 0–1 months (I) 
compared to all other timepoints (II–V) for both tegmentum (P < 0.02) and basis (P < 
0.001) (Tukey post‐hoc comparison). In addition, during the 0–1 months period (I) 
proliferation was higher in the basis relative to tegmentum (P < 0.001). At later time-
points examined in the subregion analysis (II–V), proliferating cell density within and 
between the two pons regions was not statistically different.
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Figure 5. Regional profile of pontine cell proliferation.
Mapping of Ki67+ cells within pons hemisections at different ages shows decreased 
proliferation levels over time and a transition from a ventrally skewed distribution at 1 
day to more homogeneous distributions at later timepoints. Note areas of increased 
density at 1 day corresponding to maturing white matter regions: middle cerebellar 
peduncle (open arrowhead), transverse pontocerebellar fibers (open arrow), and 
descending longitudinal corticospinal fiber tracts (solid arrow). D = dorsal, V = ven-
tral, M = medial, L = lateral.
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Figure 6. Olig2/Ki67 immunohistochemistry.
Confocal microscopy of sections from 1‐day‐old human mid‐pons basis labeled with 
DAPI (A), Olig2 (B), Ki67 (C), and merged image (D) showing Ki67+/Olig2– (solid 
arrow), Ki67–/Olig2+ (open arrow), and Ki67+/Olig2+ (solid arrowhead) populations. 
E: Comparison of the percentage of Ki67+ cells that were also Olig2+ revealed that 
more than half of proliferative cells are double‐positive and these cells were distrib-
uted throughout the pons; no significant effect of age or location was observed 
(two‐way ANOVA; time: F(1,4) = 0.67, P = 0.46; location F(1,4) = 1.61, P = 0.273). F: 
Confocal microscopy of section from pontine basis in 1‐month sample labeled for 
Ki67 (red), GFAP (green), and DAPI (blue) illustrating that proliferative cells are not 
reactive astrocytes and do not colocalize with GFAP. Scale bars = 20 μm.
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Figure 7. Nestin/vimentin immunohistochemistry.
Confocal images of three regions of the human pons labeled for nestin (green), 
vimentin (red), and DAPI (blue). A–D: At 1 postnatal day a dense population of 
vimentin+, nestin+, and vimentin+/nestin+ cells is observed in the ventricular zone of 
the dorsal pons. Within the tegmentum and basis, the few vimentin+/nestin+ 
processes were generally oriented parallel to white matter tracts. E–H: A markedly 
decreased VZ population of vimentin+/nestin+ cells can be identified in 7‐month 
samples. The vimentin+/nestin+ processes seen in the tegmentum and basis within 
the first month of life were no longer seen by 7 months of age. I–L: By 8 years of age 
the nestin+ cells in the ventricular epithelium were no longer present, but a small 
subpopulation still expressed vimentin. Neither nestin+ nor vimentin+ cells were 
observed in 8‐year‐old basis or tegmentum. Scale bars = 50 μm.
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Chapter 4 

Identification of Proliferative Progenitors Associated with Prominent Postnatal Growth of 
the Murine Pons 

 

Abstract 

The pons governs crucial sensorimotor and autonomic functions. In humans, it grows 

prominently after birth and is a site of deadly pediatric brainstem gliomas; however, its postnatal 

growth remains poorly understood. Here, I show that the murine pons quadruples in size 

postnatally, with fastest growth during postnatal days 0-4 (P0-P4), which precedes most 

myelination. BrdU immunohistochemistry reveals that proliferation peaks at P4, and the basis 

pontis (ventral pons) is the most proliferative region in postnatal brainstem. 

BrdU+Sox10+NG2:DsRed+ oligodendrocyte precursors (OLPs) outnumber BrdU+ALDH1L1:GFP+ 

astrocytes. As a result the oligodendroglial population expands 10-18 fold. I identify a prominent 

BrdU+Sox2+Olig2+ population peaking at P4, and a BrdU+Sox2–Olig2+ population peaking at P8, 

suggesting a lineage progression from Sox2+ "early OLP" to Sox2– "late OLP". Postnatal Sox2+ 

progenitors produce >90% of adult pons oligodendrocytes, demonstrating the importance of this 

progenitor type in postnatal pontine growth and oligodendrogenesis. 

 

Introduction 

The mammalian brain undergoes significant postnatal growth.  Postnatal growth processes 

could aid experience-dependent acquisition of brain function (Johnson, 2001), and may confer 

susceptibility to tumorigenesis (Stecca and Ruiz I Altaba, 2005).  The human pons is a site of 

exceptional postnatal growth (Tate et al., 2015) and lethal pediatric gliomas (Hargrave et al., 

2006); however, knowledge of the cells responsible for pons growth remains limited.  One study 

suggested a "second peak" of Nestin+ progenitor cells in ventral human pons at 7 years (Monje 

et al., 2011), though a subsequent study did not find evidence to support that claim, and instead 
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observed that such progenitors are restricted to infancy (Tate et al., 2015).  The nature of 

postnatal pontine progenitor cells has consequences for pontine gliomagenesis, and for the 

normal postnatal development and function of this crucial brain region. 

  

The dorsal pons (tegmentum) contains autonomic nuclei controlling awakeness and arousal 

(España and Scammell, 2011), respiration (Song et al., J Neurosci, 2006), and adrenergic tone 

(Kawamura et al., 1978), as well as cranial nerves and nuclei mediating facial sensation and 

motion (Brodal, 1965).  The ventral pons (basis pontis) contributes to motor function, in part as a 

"bridge" between cortex and cerebellum: neurons in the pontine gray nuclei receive synapses 

from cortex and project to cerebellum via the middle cerebellar peduncle (Brodal and Bjaalie, 

1992).  Interestingly, among primates the size of the basis pontis scales directly with the size of 

the neocortex (Matano et al., 1985). The basis pontis also contains the corticospinal tract, 

whose descending axons carry motor signals from cortex to spinal motor neurons. Many of 

these circuits serve functions that are postnatally acquired or refined, but nearly all studies of 

pons development have focused on prenatal events, beginning with its embryonic derivation 

from various segments of the rhombencephalon. Pontine neurogenesis occurs prenatally 

(Altman and Bayer, 1978, 1980a,c, 1987a,b,c); autonomic nuclei and cranial nerves (V-VIII) 

derive mainly from rhombomeres 2-5 (Kiecker and Lumsden, 2005; Oury et al., 2006), though 

some tegmental neurons derive from rhombomere 1 (Moreno-Bravo et al., 2013); the neurons of 

the basis pontis are born in rhombomeres 6-8 and migrate anteriorly to form the pontine gray 

nuclei in the territory of rhombomeres 3-4 (Moreno-Bravo et al., 2013; Ray and Dymecki, 2009). 

Proliferation (Das, 1979) and gliogenesis (Ono et al., 1997; Davies and Miller, 2001; Vallstedt et 

al., 2005; Miguez et al., 2012) have been documented in embryonic murine and avian pons; but 

in the postnatal murine pons, neither growth, proliferation, nor gliogenesis has been studied, 

and the question stands: which cells are responsible for postnatal pontine growth? 
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Here, I show that as in humans, the postnatal mouse basis pontis grows more than tegmentum, 

with growth comparable to rapidly growing forebrain structures; growth is fastest at birth and 

mostly occurs before P16.  I show that the basis pontis is the most proliferative region of the 

postnatal brainstem. Postnatal progenitor cells in the pons occupied three main anatomical 

compartments: 1) in the ventricular zone along the ventral walls of the 4th ventricle and 2) in the 

midline domain, which make limited contributions to pons parenchyma; and 3) the parenchyma, 

whose large pools of proliferative astroglia and oligodendroglia each proliferate in a single, 

separately timed "wave" that plateaus shortly after birth.  I observe that proliferative Olig2+ 

progenitors in the pons include an unexpected and abundant Sox2+ subpopulation which is 

enriched in basis pontis. Remarkably, postnatal Sox2+ progenitor cells produce more than 90% 

of oligodendrocytes in adult mouse pons, contributing to a 10-to-18-fold postnatal expansion of 

the oligodendroglial lineage. 

  

Results 

Postnatal pontine growth rates are fastest from P0-P4 and decline by weaning age 

The human pons grows six-fold from birth to adulthood (Tate et al., 2015).  To measure the 

postnatal growth of the mouse pons, I prepared CD1 wild type mouse tissue for sectioning in a 

plane containing basis pontis, tegmentum, and 4th ventricle (Fig. 1a and Methods).  The 

dimensions of representative sections, as well as the number of 50-µm sections running through 

the pons, are shown in Fig. 1b.  The basis pontis grew five-fold postnatally, from 0.38 mm3 at 

birth to 1.96 mm3 in adulthood (Fig. 1c), while the pontine tegmentum grew four-fold, from 

2.48mm3 to 10.3 mm3 (Fig. 1d).  This growth was comparable to the four-to-five-fold postnatal 

increase in mouse hippocampal and neocortical volume measured by MRI (Chuang et al., 2011) 

and histologic methods (Fink et al., 1991), and greater than the two-to-three-fold postnatal 

increase in volume of anterior thalamic nuclei (Fink et al., 1991).  The absolute volumetric 

growth rate (mm3/day) was greater in tegmentum than in basis pontis, due to the tegmentum's 
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larger size, and in tegmentum the absolute rate of growth was greatest during P4-P10 (Fig. 1e).  

However, the daily percent increase in volume was greatest during P0-P4, and was greater in 

basis pontis than tegmentum during that period, with basis pontis growing at an average rate of 

16% daily (Fig. 1f).   The rate of growth then declined gradually through weaning age.  Pons 

region size at age P24 was not significantly different from size at adulthood (P > 0.2, unpaired t-

test).  These data indicate that the mouse pons grows rapidly during postnatal life and 

proportionally more in basis pontis than tegmentum. 

  

Myelination does not account for peak pontine growth from P0-P4 

The rapid early postnatal growth of human basis pontis is attributable in part to myelination 

(Tate et al., 2015).  Myelination is mainly a postnatal process in mammals, which might reflect 

regulation by oxygen tension and the HIF pathway (Yuen et al., 2014). To determine if 

myelination accounted for the rapid early growth of the postnatal mouse basis pontis, I 

performed IHC for Myelin Basic Protein (MBP).  The distribution of MBP in pontine sections of 

increasing age is shown in Fig. 2b-c.  MBP appeared in concert with a marker of mature 

oligodendrocytes (APC), first in selected white matter tracts of tegmentum, e.g. medial 

longitudinal fasciculus (MLF) and trigeminal nerve (V) by P2-P4, followed by white matter of 

basis pontis from P8-P10 and gray matter of basis pontis and tegmentum by P8-P12 (Fig. 2d).  

The extent of myelination and the apparent thickness of myelinated tracts increased throughout 

the pons between P10 and P24 (Fig. 2c-d).  The progression of myelination evidenced by MBP 

staining is consistent with a MRI study on the development of 12 selected white matter tracts in 

postnatal mouse brain (Chuang et al., 2011).  The three pons tracts noted in that study were the 

trigeminal nerve, which was found to reach 50% its adult thickness within the first postnatal 

week, comparable to the corpus callosum and anterior commissure; and the facial nerve and 

middle cerebellar peduncle, which reached 50% of their adult thickness around P15, ranking 

them among the latest developing white matter tracts in the mouse brain (Chuang et al., 2011).  
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Interestingly, while my data show that the pons underwent its most rapid growth before P4, 

hardly any MBP fibers were observed in P4 basis pontis (Fig. 2b,d).  This suggests that, in 

contrast to human, the mouse pons shows rapid early postnatal growth before extensive 

myelination. 

  

Pons proliferation peaks at P4 along 4th VZ, near midline, and in parenchyma; the basis 

pontis is the most proliferative brainstem region 

Based on the findings above, I hypothesized that early postnatal pontine growth was attributable 

to proliferation of neuronal and/or glial precursor cells.  To measure proliferation in postnatal 

development, I injected an age series of CD1 wild type mice with a single dose of the thymidine 

analog BrdU, 100 min prior to perfusion (Fig. 3a).  Immunostaining revealed BrdU+ cells 

throughout the mouse brainstem (Fig. 3b-c), with comparable distribution of proliferation among 

Ki67+ nuclei (data not shown).  Notably, the density of BrdU+ cells was greater in basis pontis 

than in any other region of the brainstem (Fig. 3d,h; Supplementary Fig. 2f-g), and also greater 

in the pontine tegmentum relative to midbrain tegmentum (Supplementary Fig. 2h). I observed 

three main anatomical compartments of BrdU+ cells: along the ventral surface of the 4th ventricle 

(ventricular zone, "VZ"); along the midline; and within parenchyma (Fig. 3e). In all three 

compartments, the density of BrdU+ cells was greatest at P4 (Fig. 3f-h), coinciding with the 

period of fastest pons growth (Fig. 1e-f).  Notably, in the parenchymal compartment, BrdU+ cells 

were denser in the basis pontis than in the tegmentum (Fig. 3h). This greater proliferation in 

basis pontis coincides with its larger daily percent increase in volume (Fig. 1f).  Basis pontis 

proliferation peaked at 276 ± 15 cells / mm2 at P4, and at P12 was still more than half its P4 

peak, while tegmentum proliferation peaked at 196 ± 39 cells / mm2 at P4, and declined more 

than 50% by P12 (Fig. 3h).  Similarly proliferation in VZ and midline peaked at P4 with 40.6 ± 

3.1 cells/mm and 16.3 ± 3.7 cells/mm, respectively, and declined more than 50% by P8 and 

P12, respectively (Fig. 3f-g).  There was a significant increase in proliferation density from P0 to 

60



 

P4 in VZ (P = 0.0302, unpaired t-test) and basis pontis (P = 0.0072), while in tegmentum and 

midline the increased density of BrdU+ cells from P0 to P4 was not statistically significant (P = 

0.128 and P = 0.121, respectively).  Parenchymal proliferation declined by P20 to <10% of its 

P4 peak, and at adulthood (P64) amounted to 1.5% of its P4 peak (Fig. 3h).  VZ proliferation 

declined sooner, reaching <10% of its P4 peak by P12 and 1.5% its peak by P20 (Fig. 3f).  I 

observed no BrdU+ VZ cells at P28 or above. These findings show that the pons is the most 

proliferative postnatal brainstem region; its cell proliferation shows a single postnatal peak, at 

P4, coincident with the period of fastest growth. These data also show that proliferation declines 

at different rates in pontine VZ, parenchyma, and midline, and at different levels of the 

brainstem. 

  

Neurogenesis does not occur in the postnatal pons 

The birthdating studies of Altman and Bayer (1978, 1980a,c, 1987a,b,c) indicate that neurons of 

the rat pons are primarily born before birth.  However, it is not known if some pontine neurons 

are born postnatally in mouse.   Given the dramatic postnatal growth (Fig. 1) and the presence 

of some migrating precerebellar neurons entering the pontine gray nuclei as late as P0 (Gibson 

et al., 2010), it was possible that some pontine neurons could be born postnatally.  I delivered 

BrdU in a single dose to wild type mice aged P0 or P4. Analysis at P28 revealed no BrdU+ 

NeuN+ cells in either basis pontis or tegmentum (data not shown).  Considering this BrdU 

dosage regimen might have been insufficient to identify slowly or rarely dividing cells, I 

administered BrdU or EdU every 12 hrs over a 4-day course spanning ages P1-P4, P5-P8 

(Supplementary Fig. 3a), P9-P12, etc.  through P29-P32, followed by 28-day chase periods.  I 

observed no BrdU+NeuN+ or EdU+NeuN+ cells in the pons (Supplementary Fig. 3b).  Finally, I 

performed costaining of the neuroblast markers doublecortin (DCX) and PSA-NCAM with BrdU 

in mice aged P0, P4, P8, … through P32, each perfused 100 min after a single dose of BrdU, 

and found no colocalization of BrdU with either marker; in fact, I were unable to identify any 
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distinctly DCX+ or PSA-NCAM+ cells in the postnatal pons at any age (data not shown).  

Together, these results suggested that pontine neurons are not born postnatally in mice, and 

thus neurogenesis does not account for postnatal pontine growth. 

  

Postnatal expansion of the oligodendroglial lineage 

Because the pons lacks postnatal neurogenesis and undergoes delayed but extensive 

myelination, I hypothesized that pons growth may coincide with an increase in oligodendroglia.  

To count the oligodendroglial population in the developing postnatal pons, I performed 

stereologic analysis of wild type tissue sections co-stained for Sox10, Olig2, and APC.  

Oligodendrocyte precursor cells (OLPs) were defined as Sox10+Olig2+APC–; oligodendrocytes 

(OLs) were defined as APC+ cells coexpressing Sox10, Olig2, or both (Fig. 4a).  The size of 

OLP and OL populations in basis pontis and tegmentum are shown in Figs. 4d-e.  At birth, the 

basis pontis contained 6,357±610 OLPs, increasing to 13,688±790 OLPs by P4 and 

29,527±922 by P10; OLPs peaked at P16 at 35,369±5,808, then declined by P24 to 

10,372±2,004 (Fig. 4d).  The number of mature OLs in basis pontis increased dramatically from 

958±212 at P4 to 26,119±2,666 at P10 and 88,750±11,417 at P16, after which the number of 

mature OLs in basis pontis remained constant to adulthood (Fig. 4d).  The tegmentum 

underwent similar phases: the number of OLs in tegmentum was 19,990±2,612 at P4, 

increasing to 214,996±49,232 by P10 and 443,480±35,041 by P16 (Fig. 4e).  The density of 

OLPs and morphology of APC staining changed markedly through postnatal development (Fig. 

4c), reflecting the progressive increase and maturation of oligodendroglia through three phases: 

OLP expansion without differentiation (P0-P4), OLP expansion and differentiation to OLs (P4-

P16), and OLP decline (P16-P24).  Between P0 and P16, the oligo-lineage population increased 

18-fold in basis pontis and 10-fold in tegmentum (Fig. 4f).  The stereologic count of 

oligodendroglia therefore revealed a dramatic postnatal increase in oligodendroglia, and raised 

the question of which progenitor domains give rise to these new cells. 
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The 4th VZ and midline progenitor compartments make limited, local contributions to 

postnatal pons 

Co-immunostaining for BrdU and intermediate filaments revealed proliferative progenitors 

associated with GFAP+ and Vimentin+ fibers in the postnatal VZ and midline domains 

(Supplementary Figs. 4a, 5a-b). Both VZ and midline were also Nestin+ (Supplementary Fig. 1), 

and a subpopulation of VZ progenitors at M-phase showed phospho-Ser55-Vimentin staining in 

cells with radial-glial-like morphology (Supplementary Fig. 4b). The presence of proliferative 

cells and progenitor markers led me to ask whether these domains contribute new cells, and 

particularly oligodendroglia, to the growing pons parenchyma. I performed viral fate-mapping of 

VZ progenitors and FoxA2CreER-based fate-mapping of midline progenitors; while both 

domains produced some Sox10+ oligodendroglia and some astroglia, their parenchymal 

progeny were few in number and remained close to VZ or midline (Supplementary Figs. 4, 5). 

 

Committed oligodendrocyte precursors are the largest and longest-lasting proliferative 

population in postnatal pons 

I turned my attention to the parenchymal progenitors, the largest progenitor pool in the postnatal 

pons.  Again using BrdU to label proliferative cells 100 min before perfusion, I used mice 

carrying cell type-specific reporter transgenes to determine the identity of proliferative cells (Fig. 

5a).  NG2:DsRed mice report DsRed in OLPs and pericytes (Ziskin et al., 2007), so I co-stained 

for Sox10 and identified OLPs as BrdU+DsRed+Sox10+ triple-positive cells (Fig. 5b).  

ALDH1L1:GFP mice report GFP in astrocytes (Cahoy et al., 2008), and proliferative 

parenchymal astrocytes through age P12 were vimentin+ as well (Fig. 5c).  It was difficult to 

colocalize nuclear and filamentous markers, so I identified proliferative astrocytes as 

BrdU+ALDH1L1:GFP+ cells. Co-staining for Olig2 generally revealed segregation from 

astrocytes (Fig. 6g, Supplementary Fig. 6b); however, a small subpopulation of 

63



 

BrdU+ALDH1L1:GFP+Olig2+ astrocytes was also identified (Fig. 6h and Supplementary Fig. 6d).  

I measured proliferation among these cell types longitudinally through postnatal development 

and found that proliferative OLPs outnumbered proliferative astrocytes at all ages from P4 

onward (Fig. 5d). In P4 basis pontis, the densities of these cell types were 192.8±2.7 

proliferative OLPs/mm2 and 73.0±3.9 proliferative astrocytes/mm2; in P4 tegmentum, 

151.4±10.3 proliferative OLPs/mm2 and 12.4±2.9 proliferative astrocytes/mm2.  Proliferation 

persisted to a later age in basis pontis than tegmentum for both cell types: proliferative OLPs in 

basis pontis showed a sustained peak density from P4 to P8, while OLP proliferation in 

tegmentum peaked at P4 and began to decline by P8; proliferative astrocytes plateaued from 

P0-P4 in basis pontis, but declined in tegmentum as soon as P4.  OLP proliferation declined to 

<10% of its peak in both basis pontis and tegmentum by P24, while astrocyte proliferation 

decreased to <10% of its peak in tegmentum by P8, and in basis pontis by P12.  In adults (P64), 

I observed a small number of proliferative OLPs in both basis pontis (2.41 ± 0.74 cells/mm2) and 

tegmentum (3.15 ± 1.28 cells/mm2), comparable to the total proliferation in adult wild type pons 

parenchyma (Fig. 3h); no astrocyte proliferation was observed after P12. 

  

Despite the finding that proliferative OLPs outnumber proliferative astrocytes, a pulse-chase 

experiment (Fig. 5e-h) with a single dose of BrdU at P4 yielded, among BrdU+ cells at P28, 

more astrocytes (60.7% ± 5.3%) than oligodendroglia (28.6% ± 4.0%) in basis pontis, and a 

comparable ratio of astrocytes to oligodendroglia in tegmentum (49.1%±4.7% vs. 44.3%±2.4%).  

Taken together with my stereologic counts of oligodendroglia (Fig. 4), this result suggested two 

possibilities: 1) P4 OLPs may divide so many times by P28 that many of them dilute out their 

BrdU signal, and/or 2) oligodendroglia might undergo cell death.  Consistent with the first 

possibility, BrdU staining was weaker and more punctate in P28 OLs than in P28 astrocytes 

(Fig. 5f-g).  Further supporting the first possibility, oligodendroglia accounted for a lower percent 

of P28 BrdU+ cells in basis pontis than in tegmentum (Fig. 5h).  Supporting the second 
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possibility, programmed cell death has been documented in young OLs (Barres et al., 1992), 

and in P12 basis pontis I observed Sox10+ nuclei surrounded by cytoplasmic, cleaved caspase-

3 staining in an OL-like morphology (Supplementary Fig. 8).  I also investigated a third 

possibility, that P4 "OLPs" might produce adult astrocytes, by using NG2CreER mice (Zhu et al., 

2011).  NG2CreER;Ai14;ALDH1L1:GFP mice receiving tamoxifen at P0 or P4 did not show any 

TdTomato+ (TdT+) cells expressing ALDH1L1:GFP at P8, or any TdT+ cells expressing GFAP at 

P60, but instead showed TdT+ pericytes and Olig2+ cells (Supplementary Fig. 9).  Together, 

these experiments show that the postnatal pons has proliferative OLPs and astrocytes, pons 

OLPs are lineage-restricted, and OLPs are the predominant proliferative population at all 

postnatal ages. 

  

Transcription factors Olig2 and Sox2 define subclasses of proliferative pons progenitors 

To further define the nature of proliferative pontine glial precursors, I used the markers Sox2 

and Olig2, which can be expressed in tumor-propagating glioma cells (Ligon et al., 2007; Suvà 

et al., 2014).  Using wild type mice, I delivered a single dose of BrdU 100 min prior to perfusion 

(Fig. 6a), and performed co-immunofluorescent labeling of BrdU, Olig2, and Sox2 (Figs. 6b-e, 

Supplementary Fig 6a).  I found that the largest pool of BrdU+ cells co-expressed Sox2 and 

Olig2 (Fig. 6b,d; Supplementary Fig. 6a). Additionally, at the P4 proliferative peak, a greater 

proportion of BrdU+Olig2+ cells express Sox2 in the basis pontis than in ventral or dorsal 

medulla, and likewise a greater proportion express Sox2 in pontine tegmentum than in midbrain 

tegmentum (Fig. 6e).  Thus Sox2+Olig2+BrdU+ progenitors are the most abundant progenitor 

population in postnatal mouse pons.  The remaining progenitors included a Sox2+Olig2–BrdU+ 

population peaking at P4, a Sox2–Olig2+ BrdU+ population (Fig. 6c-d, Supplementary Fig. 6a) 

peaking at P8, and a small Sox2–Olig2–BrdU+ population most of which lined blood vessels and 

had elongated nuclei consistent with endothelial cells.  The Sox2+Olig2–BrdU+ population 

corresponds to proliferative astrocytes, as immunostaining revealed Sox2 is commonly 
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expressed in ALDH1L1:GFP+ cells (Fig. 6g, Supplementary Fig. 6b), and as its numbers (Fig. 

6d) are comparable to ALDH1L1:GFP+BrdU+ cells (Fig. 5d, Supplementary Fig. 6d).  

  

The Sox2+Olig2+BrdU+ cells were unlikely to be astrocytes, because in ALDH1L1:GFP mouse 

pons, Sox2+Olig2+BrdU+ cells were usually GFP– (Fig. 6g; Supplementary Fig. 6c). While a 

subpopulation of BrdU+ astrocytes expressed Olig2 (Fig. 6h), such cells were sparse compared 

to the BrdU+Olig2+Sox2+ progenitors measured in wild type mouse pons (Fig. 6i, Supplementary 

Fig. 6d). By contrast, the total Olig2+BrdU+ population, measured as the sum of 

Sox2+Olig2+BrdU+ and Sox2–Olig2+BrdU+ populations, showed similar numbers to committed 

OLPs (Fig. 5d): in basis pontis, a sustained peak from P4 (176±10 cells/mm2) to P8 (173±4 

cells/mm2); in tegmentum, a peak at P4 (147 ± 40 cells/mm2).  And remarkably, at P4, nearly all 

BrdU+Olig2+ cells coexpressed Sox2: 90.4±0.4% in basis pontis and 82.6±3.5% in tegmentum.  

Together, these calculations suggested that the committed OLP population included many 

Sox2+Olig2+ cells.  Sox2 was long considered a marker of stem cells, but has recently been 

documented in embryonic OLPs of forebrain and spinal cord (Hoffmann et al., 2014).  I therefore 

sought to confirm that a portion of postnatal mouse pons OLPs express Sox2.  I obtained mice 

carrying a Sox2:GFP knock-in allele (Arnold et al., 2011), whose fidelity I confirmed by co-

immunostaining of GFP and Sox2 (Supplementary Fig. 10).  I performed a single injection of 

BrdU 100 min before perfusion at ages P4 or P45 (Fig. 6j), and co-stained pons sections from 

these mice for BrdU, GFP, and the oligo-lineage marker Sox10 (representative cells from P4 

basis pontis are shown in Fig. 6k).  I found that 70.5±3.0% of Sox10+BrdU+ cells coexpressed 

Sox2:GFP in the P4 basis pontis, and 43.7±2.6% in P4 tegmentum, while Sox10+BrdU+ cells in 

both pons regions showed roughly 50% Sox2:GFP expression at P45 (Fig. 6l).  Together, these 

results indicate that the postnatal pons is rich with non-astrocytic Sox2+Olig2+ progenitors; and 

that proliferative Olig2+ and Sox10+ cells in the postnatal pons contain a large Sox2+ 

subpopulation, and a smaller, later-peaking Sox2– subpopulation. 
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Further evidence for “early” postnatal progenitors: Phospho-Vimentin staining 

When performing co-staining of the m-phase marker phospho-H3 (pH3) and phospho-vimentin 

(p-Vim) to label radial glial-like VZ progenitors (Supplementary Fig. 4b), I noticed that many 

parenchymal pH3+ cells were p-Vim+ in the first postnatal week, and a preliminary quantitation 

(n = 1 mouse per timepoint) suggested that the percentage of mitoses in basis pontis 

expressing p-Vim peaked at P4 (Supplementary Fig. 11a). Parenchymal p-Vim+ cells showed 

different morphologies that largely segregated with their Olig2 status (Supplementary Fig. 11b-

c). p-Vim+ cells with round morphology were generally positive for Olig2, Sox10, and 

NG2:DsRed (Supplementary Fig. 11c,e,f), suggesting OLP identity, and possibly corresponding 

to the Sox2+Olig2+ “early OLPs” characterized above. Sox2 protein was detectable in round, 

Olig2+ p-Vim+ cells (Supplementary Fig. 11c), as was Sox2:GFP (Supplementary Fig. 11g). I 

also detected nestin expression in round p-Vim+ cells (Supplementary Fig. 11h). The in vivo 

finding of p-Vim+ parenchymal progenitors expressing OLP markers are consistent with reports 

that vimentin is expressed in cultured optic nerve OLPs from neonatal but not adult rodents 

(Grinspan et al., 1990; Wolswijk and Noble, 1989). The presence of vimentin in neonatal OLPs 

and the decline of p-Vim+ mitoses past P4 – despite extensive OLP proliferation through P12 

(Fig. 5d) – reinforce the notion that the P4-peaking Sox2+ Olig2+ OLP population represents a 

distinct, early stage of progenitor, and that the p-Vim+ subpopulation may represent a still earlier 

stage.  

 

pVim+ cells with multipolar morphology were usually not Olig2+ (Supplementary Fig. 11b-c) but 

were positive for astrocyte markers such as ALDH1L1:GFP and BLBP, as well as S100β 

(Supplementary Fig. 11i-k). I also detected nestin in multi-polar p-Vim+ cells (Supplementary 

Fig. 11h). The expression of astrocyte markers in multi-polar p-Vim+ cells suggests that these 

cells would be astrocytes; additionally, multi-polar pVim+ cells expressed Sox2:GFP 
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(Supplementary Fig. 11g), but their Sox2 protein levels were low (Supplementary Fig. 11c), 

despite the broad expression of Sox2 in proliferative astrocytes (Supplementary Fig. 6b). It is 

possible that Sox2 protein levels may decrease transiently in parenchymal astrocytes during M-

phase.  

  

Developmental maturation of astrocytes in mouse pons 

Parenchymal pons astrocytes proliferated up to P12. While pons astrocytes expressed vimentin 

up to P12, this filament was downregulated in favor of GFAP after P12. (Supplementary Fig. 

12a). I similarly observed parenchymal expression of Nestin (Supplementary Fig. 8, 

Supplementary Fig. 11h) and BLBP (Supplementary Fig. 11b) at ages when astrocytes 

proliferated. These molecules may thus represent markers of a “young”, proliferative stage of 

parenchymal pons astrocytes. Fate-mapping to P16 in Olig2-cre;Ai14;ALDH1L1:GFP mice 

revealed TdT expression in some tegmental astrocytes and nearly all basis pontis astrocytes 

(Supplementary Fig. 6e). This result suggests that while few postnatal pontine astrocytes 

express Olig2 (Supplementary Fig. 6a-d), many postnatal astrocytes have a developmental 

history of Olig2 expression. 

 

Postnatal Sox2+ progenitors give rise to over 90% of adult pons oligodendrocytes 

The presence and timing of Sox2+ and Sox2– subpopulations of proliferative Olig2+ cells 

suggested a possible lineage progression of Sox2+Olig2+, to Sox2–Olig2+, to myelinating 

oligodendrocytes.  To test whether postnatal Sox2+ cells produced Sox2–Olig2+ cells and mature 

oligodendrocytes, I used Sox2CreER;Ai14 reporter mice.  I delivered tamoxifen by maternal 

gavage at P2-P3, followed by a single dose of EdU 100 min prior to perfusion at P8 (Fig. 7a), 

and I found: TdT+Olig2+Sox10+EdU+ proliferative OLPs (Fig. 7b); TdT+Olig2+Sox2+ and 

TdT+Olig2+Sox2– cells (Fig. 7c); and TdT+APC+Olig2+MBP+ myelinating oligodendrocytes (Fig. 

7d).  This result supports the hypothesis that postnatal Sox2+ progenitors generate all stages of 
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the oligodendrocyte lineage. To determine the extent to which postnatal Sox2+ progenitors 

contributed oligodendrocytes to the mature pons, I delivered tamoxifen to Sox2CreER;Ai14 mice 

at P2-P3, P10, or P60, (Fig. 7e), perfused 50-60 days later, and co-stained for TdT, Olig2, and 

APC.  Tamoxifen treatment at P2+P3 led to TdT expression in 97.3±0.5% of APC+Olig2+ OLs in 

P60 basis pontis, and in 94.1±0.4% of OLs in P60 tegmentum (Fig. 7f,g).  Delivery of tamoxifen 

at P10 labeled 69.0±3.4% of P60 basis pontis OLs and 75.5±1.8% of P60 tegmentum OLs; and 

consistent with the low level of proliferative Sox2+Olig2+ cells in adult pons (Fig. 6d), delivery of 

tamoxifen to P60 mice labeled only 13.0±2.6% of P120 basis pontis OLs (Fig. 7g) and 

14.3±4.3% of P120 tegmentum OLs.  A no-tamoxifen control showed TdT expression in only 

1.0-1.2% of P60 pons OLs (Fig. 7g), indicating that spontaneous background recombination did 

not account for many TdT+ OLs in tamoxifen-treated samples.  Tamoxifen-treated 

Sox2CreER;Ai14 mouse pons contained TdT+ astrocytes (Supplementary Fig. 7c), reflecting 

pontine astrocytes’ common Sox2 expression (Supplementary Fig. 6b), and also contained a 

handful of TdT+ neurons in the trapezoid body at P60 (data not shown), consistent with a 

previous report of Sox2 expression in these neurons (Marrs et al., 2013). My fate-mapping 

experiments demonstrate that, in addition to these expected cell types, postnatal Sox2+ 

progenitors populate the adult pons with ~95% of its oligodendrocytes. 

Notably, while the Sonic Hedgehog pathway drives embryonic oligodendrogenesis 

(Davies and Miller, 2001; Tekki-Kessaris et al., 2001), and its effector Gli1 has been previously 

proposed as a pons progenitor cell marker (Monje et al., 2011), I found that postnatal tamoxifen 

treatment of Gli1CreER;Ai14 mice yielded no TdT+Olig2+APC+ OLs in adult pons, but sparse 

TdT+ astrocytes positive for S100β and/or GFAP (Supplementary Fig. 7). Thus Gli1 does not 

contribute to postnatal pons oligodendrogenesis. I also tested the Gli1-nLacZ knock-in reporter 

allele (Bai et al., 2002), whose β−galactosidase reporter is localized to nuclei of Gli1-expressing 

cells. I stained P12 pons sections from Gli1-nLacZ;ALDH1L1:GFP mice for GFP and β-gal, and 
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I observed that nuclear β−gal immunoreactivity in pons was limited to GFP+ cells, indicating that 

Gli1-expressing cells in postnatal pons are astrocytes (Supplementary Fig. 13). As a caveat, I 

observed some nonspecific, non-nuclear galactosidase expression staining among cells with 

neuronal morphology; however, the apparent restriction of nuclear β−gal localization to 

astrocytes was consistent with the fate-mapping of Gli1CreER;Ai14 solely to astroglia 

(Supplementary Fig. 7c).  

 

Discussion 

Postnatal growth and development of the pons 

I found that the postnatal mouse basis pontis quintuples and the tegmentum quadruples in size. 

This finding places the pons among the brain regions with the most pronounced postnatal 

growth, comparable to that of cortex and hippocampus, and surpassed only by cerebellum 

(Chuang et al., 2011; Fink et al., 1991).  I further observed that the basis pontis is the most 

proliferative region of postnatal brainstem. Cell proliferation is not the only possible mechanism 

of tissue growth; growth may also occur by increases in cell size, such as the myelination 

observed during the second and third postnatal weeks. However, the association of the P4 

proliferative peak with the most rapid period of growth, in both mice (present study) and humans 

(Tate et al., 2015), suggests that cell proliferation is a major driver of pontine growth. 

 

Several aspects of the development of the postnatal mouse pons (present study) are shared by 

humans (Tate et al., 2015): the basis pontis grows more and is more proliferative than the 

tegmentum; postnatal proliferation occurs in a single wave; a majority of proliferative progenitors 

are Olig2+; there exists a vimentin+/nestin+ VZ progenitor population analogous to that of 

forebrain; and vimentin is retained past weaning age in the VZ but not in the parenchyma.  

There are also interesting differences between human and mouse pons.  At birth, the human 
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basis pontis already contains thin myelinated fibers, and proliferation declines from birth.  

However, the mouse basis pontis experiences its onset of myelination and decline in 

proliferation during the second postnatal week.  If the P8 mouse pons corresponds to the full-

term human pons, then the P4 proliferative peak may correspond to a pre-term peak 

proliferative stage in human pons, which has not been studied.   

 

I defined three compartments of postnatal progenitor cells: VZ, midline, and parenchyma.  The 

VZ and midline domains contributed few progeny to the parenchyma, implying that the 

parenchyma are most responsible for cell addition in the growing postnatal pons. Parenchymal 

progenitors included some proliferative astrocytes (BrdU+ALDH1L1:GFP+), but a greater number 

of proliferative OLPs (BrdU+NG2:DsRed+Sox10+). In addition, I found that BrdU+Sox2+Olig2+ 

cells were the largest parenchymal progenitor pool. My observation that postnatal Sox2+ 

progenitors produce ~95% of adult pons oligodendrocytes suggests an important role for Sox2 

in postnatal oligodendrogenesis.  A prior study suggested that Sox2 acts in embryonic spinal 

cord oligodendroglia to block maturation and myelination during the OL stage (Hoffmann et al., 

2014). However, I observed that pontine BrdU+Olig2+ cells downregulate Sox2 while still 

proliferating, suggesting that Sox2 is transiently expressed in postnatal OLPs.  To investigate 

Sox2 function, I deleted it at P2-P3 using the Sox2flox allele (Shaham et al., 2009), but I 

observed no change in proliferation or oligodendrogenesis in Sox2CreER/flox;Ai14 mice 

(Supplementary Fig. 14), possibly explained by genetic redundancy with Sox3. Consistent with 

my finding that the adult pons contains some Sox2+Olig2+BrdU+ progenitors, another study has 

documented Sox2+Olig2+ cells in adult human white matter (Oliver-De La Cruz et al., 2014); my 

Sox2CreER fate-mapping demonstrates that adult Sox2+ cells generate oligodendrocytes in 

vivo. 

 

Implications of postnatal pontine growth and oligodendrogenesis 
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I found that postnatal pontine growth was due not to the addition of new neurons, but to a 

dramatic increase in the oligodendroglial lineage. The basis pontis at P16 contained 18 times as 

many oligodendroglia as at P0, and the tegmentum at P16 contained 10 times as many as at 

P0, suggesting that basis pontis OLPs undergo at least four rounds of postnatal division and 

tegmentum OLPs undergo at least three.  However, the expansion might be carried out by 

subpopulations dividing five times or more.  It is also possible that the expansion is even greater 

than observed, but appears reduced due to cell death (Barres et al., 1992) or migration out of 

pons.  

 

While our studies (present study and Tate et al., 2015) highlight the dramatic growth of the 

mouse and human pons, the functions of sustained postnatal pontine growth and 

oligodendrogenesis remain unknown.  The postnatal pons, by devoting more developmental 

time to oligodendroglial proliferation, might apply more oligodendrocytes to achieve myelination 

more rapidly. By delaying the onset of myelination, the pons might allow experience to guide 

which circuits become myelinated.  Oligodendrogenesis is regulated by neuronal activity (Barres 

et al., 1993; Gibson et al., 2014), so the late formation of oligodendrocytes may be linked to 

postnatal neural activity flowing through the pons.  It is appealing to speculate that the 

maturation of cells in the basis pontis is developmentally coordinated with the maturation of 

cerebellar target regions, whose growth is mostly postnatal.  Given the prominence of motor 

pathways in the pons, sustained postnatal oligodendrogenesis may allow the development of 

high-speed circuit conductances in an experience-dependent manner during a critical period of 

acquisition of motor coordination. There could also be similar experience-dependent circuit 

enhancement in the autonomic regions of the growing postnatal tegmentum that undergo later 

myelination, e.g. the pontine central gray. 

  

Progenitor cells and pontine gliomagenesis 
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I found that the basis pontis is the most proliferative region of the postnatal brainstem. As tumor 

incidence is correlated with a tissue’s normal developmental proliferative activity (Tomasetti and 

Vogelstein, 2015), my finding may partly explain the pons’s susceptibility to tumor formation. 

The pons is the site of Diffuse Intrinsic Pontine Glioma (DIPG), the most lethal childhood CNS 

tumor (Hargrave et al., 2006), which is suspected to have a progenitor cell origin (Gajjar et al., 

2014). The identity of such a progenitor is uncertain, but the predominance of postnatally 

proliferative Olig2+Sox2+ OLPs makes them a strong candidate, especially as OLPs have been 

shown to be a cell of origin for some pediatric forebrain gliomas (Liu et al., 2011; Lindberg et al., 

2014) and adult gliomas (Persson et al., 2010; Galvao et al., 2014), and as DIPGs frequently 

express Olig2 and Sox2 (Puget et al., 2012).  80% of DIPGs also contain a mutation in Histone 

H3 at lysine 27 (Schwartzentruber et al., 2012; Wu et al., 2012). It is conceivable that the 

H3K27M mutation may epigenetically trap cells in a progenitor state (Gajjar et al., 2014) and 

prevent repression of Olig2 or Sox2; one study showed that a H3K27M DIPG patient tumor 

derived cell line had increased Olig2 expression correlated with decreased H3K27 trimethylation 

at the Olig2 locus, when compared to mouse forebrain-derived neurospheres (Chan et al., 

Genes Dev, 2013).  Olig2 and Sox2 are necessary for propagation of forebrain gliomas in 

allograft and xenograft models (Ligon et al., 2007; Suvà et al., 2014).  All these data suggest 

that the BrdU+Olig2+Sox2+ progenitors, which peak at P4 and are enriched in basis pontis, are a 

prime candidate for DIPG cell of origin. 

  

The typical presentation of DIPG at 5-9 years led one group to propose a "second peak" of 

progenitor cells in that age range (Monje et al., 2011).  The claim of a "second peak" was based 

on an increased number of Nestin-expressing cells in 5-to-9-year-old human pons (Monje et al., 

2011). However, our group did not detect nestin staining in human pons parenchyma past 

infancy (Tate et al., 2015), nor did I observe nestin or vimentin staining in mouse pons 

parenchyma above age P12, the age when astrocyte proliferation ceases (present study).  The 
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claim of a “middle-childhood” progenitor population in mouse tissue was based on an 

observation that beta-galactosidase+ cells in Gli1-nLacZ brainstem increased in number 

beginning at P14 (Monje et al., 2011).  Unlike my postnatal Sox2CreER fate-mapping, which 

labeled nearly all pons oligodendroglia, my Gli1CreER fate-mapping from P2/P3, P10, or P18 

failed to yield any pons oligodendroglia. Rather, Gli1CreER fate-mapping yielded a 

subpopulation of parenchymal astrocytes, and more astrocytes were labeled by tamoxifen 

dosage at P10 (when astrocyte proliferation had nearly ceased) than at P2/P3. I infer that Gli1 

may be expressed in postmitotic astrocytes of the pons, just as it is expressed in postmitotic 

astrocytes of adult mouse forebrain (Garcia et al., 2010).  Most importantly, Monje et al. (2011) 

did not investigate whether cell proliferation has a “second peak”.  Proliferation is a crucial 

feature of progenitor cell activity, permissive of both tissue growth and oncogenesis. Monje et al. 

(2011) did not study proliferation in human pons, nor did they examine proliferation in mouse at 

timepoints other than P14 or P21. When I examined the postnatal pons’s normal course of 

proliferation, I found only a single peak: at birth in human (Tate et al., 2015) and at P4 in mouse 

(present study). Furthermore, only a single proliferative peak was evident within each progenitor 

type. 

 

Sox2+Olig2+ OLPs in the P4 basis pontis were the most proliferative progenitor cell population in 

mouse pons, a finding that may hint at the timing, cell type, and region of DIPG origin. However, 

despite the ventral preference for growth and proliferation (present study and Tate et al., 2015) 

and the propensity of DIPG to spread ventrally (Fischbein et al., 1996), I cannot rule out that 

DIPG might originate dorsally. I observed significant OLP proliferation in the tegmentum at 

slightly earlier stages, and these cells could serve as cell of origin for some DIPGs; interestingly, 

a fraction of DIPGs express the dorsal marker Pax3 (Misuraca et al., 2014). Furthermore, 

despite the predominance of proliferative OLPs in the pons (present study), I cannot exclude 

that DIPG might originate from astrocytes. Astrocytes accounted for ~⅓ of proliferation in P0 
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basis pontis, ~¼ in P4 basis pontis, ~⅕ in P0 tegmentum, and ~1/16 in P4 tegmentum; all pons 

astrocytes expressed Sox2, and a subpopulation coexpressed Olig2. And despite the postnatal 

pons’s remarkable growth and oligodendrogenesis, I cannot ignore the strong possibility that 

DIPG might originate prenatally. In one study on embryonic oligodendrogenesis, it was shown 

that rhombomere 4, at the heart of the pons, produces more oligodendroglia than neighboring 

segments (Miguez et al., 2012).  Thus, while there are few OLPs in the prenatal brainstem, they 

are concentrated in the pons.  In light of my postnatal observations, the embryonic pattern of 

OLP production (Miguez et al., 2012) may prepare the pons for its dramatic postnatal growth, 

and may render the pons rich in potentially gliomagenic progenitors. 

  

This study demonstrates that the postnatal mouse pons undergoes dramatic increases in size 

and in oligodendroglial population, driven by single waves of proliferation among glia in three 

anatomical compartments.  Growth, proliferation, and oligodendrogenesis are most dramatic in 

basis pontis, which I show to be the most proliferative region of postnatal brainstem. I have 

identified proliferative oligodendroglia and astroglia in postnatal pons parenchyma, shown that 

pons OLPs have early Sox2+ and later Sox2– stages, and demonstrated that ~95% of pons 

oligodendrocytes derive from postnatal Sox2+ progenitors. This dramatic cell addition in the 

postnatal pons may be linked to the acquisition of key developmental milestones in children, 

and may predispose the pons to tumor formation. The progenitor cells identified here represent 

candidates for targeting in future tumor models. 
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Figure 1.  Postnatal growth of mouse pons.
(a) DAPI stain of P0 mouse pons section containing tegmentum (cyan) and basis (magenta), 
sectioned at oblique angle normal to axis of spinal cord (inset).  Basis pontis includes pontine 
nuclei and adjacent white matter tracts (transversus fasciculus pontis, longitudinalis fasciculus 
pontis, and middle cerebellar peduncle ventral of pontine nuclei).  Scale bar = 1 mm.  (b) 
Postnatal growth of pons in dorsal-ventral and medial-lateral axes is illustrated by section 
tracings as in (a); growth along rostral-caudal axis is indicated by the number of sections 
passing through pons.  Scale bar = 1 mm.  (c-d) Volumes of pons regions were computed by 
summation of areas measured in every second section through pons, times distance between 
measured sections (100µm).  Graph shows mean ± SEM; n ≥ 3 mice per timepoint. Unpaired 
t-test revealed significant differences between the following consecutive time points: P0 and 
P4 (both regions), P4 and P10 (both regions), and P10 and P16 (tegmentum). * P < 0.05, ** P 
< 0.01, *** P < 0.001. (e) Absolute increase in volume per day computed as (mean volume at 
end of interval - mean volume at beginning of interval) ÷ (number of days in interval).  (f) 
Percent increase in volume per day computed as (100*((mean volume at end of interval ÷ 
mean volume at beginning of interval)^(1/number of days in interval) - 1)).
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Figure 2.  Progressive myelination in pons.
(a) P16 pons section stained for Myelin Basic Protein (MBP) was traced with Neuro-
Lucida software to highlight landmark tracts and gray/white regions.  Lines indicate 
thick fibers within gray matter regions.  (b-c) MBP stained pons hemisections at indi-
cated ages; red, MBP; blue, DAPI.  Scale bar for (a-c) = 1 mm.  (d) High-resolution 
images of representative pons regions, including both gray and white matter within 
tegmentum and basis, illustrate differently timed regional onsets of myelination and 
progressive increase over postnatal development.  Red, MBP; green, APC; blue, 
Olig2.  Scale bar = 50 µm. Abbreviations: PCG = pontine central gray, MLF = medial 
longitudinal fasciculus, LFP = longitudinal fasciculus pontis, PN = pontine nuclei, TFP 
= transverse fasciculus pontis, MCP = middle cerebellar peduncle, ML = medial lem-
niscus.
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Figure 3.  BrdU reveals three anatomical compartments of pons proliferation, all 
peaking at P4, and that basis pontis is the most proliferative region of postnatal 
brainstem.
Legend can be found on the following page. 
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Figure 3.  BrdU reveals three anatomical compartments of pons proliferation, 
all peaking at P4, and that basis pontis is the most proliferative region of post-
natal brainstem.
(a) CD1 wild type mice were given a single dose of BrdU by intraperitoneal injection 
(50 mg/kg) 100 min before perfusion, thereby labeling acutely proliferative cells. 
Standard coronal sections indicate levels of basis pontis (b) and pontine 4th VZ (c).  
(b-c) DAPI and BrdU costains at levels shown in (a) reveal proliferation throughout 
the mouse brainstem, but concentrated in basis pontis (b) and along 4th ventricle (c).  
Scale bar = 1 mm. (d) Density of BrdU+ cells is greater in basis pontis (ventral pons) 
than in ventral midbrain (F(1,32)=78.16, P < 0.0006) or ventral medulla 
(F(1,32)=11.53, P = 0.0108). See Supplementary Fig. 2 for dorsal brainstem regions. 
(e) Representative sections at level of (c) traced in StereoInvestigator software.  
Each mark represents one BrdU+ nucleus.  Yellow marks represent BrdU+ cells in 
VZ, which was defined by the density of DAPI along the 4th ventricle; midline popula-
tions were defined by contact with vimentin (red) or GFAP (pink) fibers that contacted 
the midline glial structure; all other BrdU+ nuclei were considered parenchymal and 
labeled blue.  (f) Density of proliferative cells along pontine VZ. (g) Density of BrdU+ 
cells along midline. (h) Density of BrdU+ cells is greater in basis pontis than pontine 
tegmentum (F(1,40)=39.06, P < 0.0006). All graphs show mean ± SEM, n = 3 mice 
per timepoint; regional comparisons (d, h) by 2-way ANOVA and Bonferroni post hoc 
adjustment; timepoint comparisons (f, g) by unpaired t-test.  * P < 0.05;  ** P < 0.01, 
*** P < 0.001.
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Figure 4.  Expansion and maturation of OL lineage in postnatal pons.
Legend can be found on the following page.
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Figure 4.  Expansion and maturation of OL lineage in postnatal pons.
CD1 wild type mouse pons sections were stained for Sox10, Olig2, and APC.  (a) 
Representative OLP (Olig2+Sox10+APC–, magenta arrow) and OL 
(Olig2+Sox10+APC+, white arrow) from P10 mouse basis pontis.  Scale bar = 5 µm.  
(b) Schematic of basis pontis region shown at several ages in (c).  Scale bar = 1 mm.  
(c) Age series from basis pontis shows postnatal changes in density and maturation 
state of OLPs and OLs.  Note sequential upregulation, condensation, and diminution 
of APC over time.  Scale bar = 50 µm.  (d-e) Stereologic counts of pons oligodendrog-
lia in basis pontis (d) and tegmentum (e) over postnatal development, measured by 
Optical Fractionator probe in StereoInvestigator software.  Cells were identified as 
OLs if they expressed APC and either or both of Sox10/Olig2; cells were counted as 
OLPs if they expressed both Sox10 and Olig2 but not APC.  (f) Counts of OLPs 
(purple) and total oligodendroglia (OLs+OLPs, green) were normalized to P0 values, 
revealing fold expansion of the oligodendroglial population since P0 (1x). All graphs 
show mean ± SEM of n = 3 mice per timepoint.
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Figure 5.  Glial lineages of proliferative cells, and fate-mapping of 
proliferative cells to glial lineages.
Legend can be found on the following page.
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Figure 5.  Glial lineages of proliferative cells, and fate-mapping of proliferative 
cells to glial lineages.
(a) Mice carrying lineage-specific reporter transgenes received a single dose of BrdU 
(50 mg/kg) 100 min before perfusion.  (b) Representative proliferative OLP 
(Sox10+DsRed+BrdU+) in P4 NG2:DsRed mouse basis pontis.  Scale bar = 10 µm. (c) 
Representative proliferative parenchymal astrocyte (BrdU+GFP+) in P4 ALDH1L1:GFP 
mouse basis pontis, with vimentin+ processes suggestive of colocalization.  Scale bar 
= 10 µm. (d) Densities of proliferative OLPs from NG2:DsRed mice (red), and prolifera-
tive parenchymal astrocytes from ALDH1L1:GFP mice (green), at ages through child-
hood and at adulthood; mean ± SEM, n = 3 mice per strain per timepoint. 3-factor 
ANOVA confirmed significant differences in proliferation based on cell type 
(F(1,56)=491.97, P < 0.0001), region (F(1,56)=70.18, P < 0.0001), and age 
(F(9,56)=97.97, P < 0.0001).  (e) Wild type or ALDH1L1:GFP mice were given a single 
dose of BrdU (50 mg/kg) at P4 and perfused at P28.  (f) BrdU+ cells from basis pontis 
of mice prepared as in (e). Top, representative mature oligodendrocyte 
(Olig2+APC+BrdU+); bottom, representative OLP (Olig2+APC–BrdU+).  Scale bar = 10 
µm.  (g) A representative GFAP+ALDH1L1:GFP+BrdU+ astrocyte from basis pontis of 
an ALDH1L1:GFP mouse that was given BrdU at P4 and perfused at P28.  Scale bar = 
10 µm.  (h) Quantitation of BrdU+ astrocytes and oligodendroglia detected in pons 
regions after pulse at P4 and chase to P28; mean ± SEM, n = 3 mice per strain. 
Unpaired t-test shows BrdU+ astrocytes outnumber BrdU+ oligodendroglia in basis 
pontis (P = 0.0099) and are in equal quantity to BrdU+ oligodendroglia in tegmentum (P 
= 0.4320), while oligodendroglia are a lower fraction of BrdU+ cells in P28 basis pontis 
than tegmentum (P = 0.0369). * P < 0.05; ** P < 0.01; n.s. P > 0.05.
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Figure 6.  Costaining of BrdU and transcription factors reveals Sox2 in 
postnatal pons OLPs.
Legend can be found on the following page.
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Figure 6.  Costaining of BrdU and transcription factors reveals Sox2 in postna-
tal pons OLPs.
(a-e) CD1 wild type mice received BrdU 100 min before perfusion.  Tissue was 
co-stained for BrdU, Sox2, and Olig2.  (b) Representative P4 Sox2+Olig2+BrdU+ cell.  
Scale bar = 10 µm.  (c) Representative P16 Sox2–Olig2+BrdU+ cell.  Scale bar = 10 
µm.  (d) Breakdown of basis pontis BrdU+ cell density by Sox2/Olig2 costaining, 
through postnatal development. Pairwise comparison revealed Sox2+Olig2+BrdU+ 
cells are more abundant than any other cell type (F(1,40)≥196.91, P < 0.0003, 
Bonferroni-adjusted 2-way ANOVA based on cell type and age; the same result was 
found in tegmentum, shown in Supplementary Fig. 6). (e) P4 tissue from the indicated 
brainstem regions was analyzed for the proportion, among total Olig2+BrdU+ cells, of 
Sox2+Olig2+BrdU+ triple-positive cells. Unpaired t-test confirmed Olig2+BrdU+ cells 
were more often Sox2+ in basis pontis than in ventral medulla (P = 0.0055), dorsal 
medulla (P = 0.0123), or midbrain tegmentum (P = 0.0152), and more often Sox2+ in 
pontine tegmentum than ventral medulla (P = 0.0231) or midbrain tegmentum (P = 
0.0366). * P < 0.05 vs. basis pontis; ** P < 0.01 vs. basis pontis; † P < 0.05 vs. pon-
tine tegmentum. (f-h) ALDH1L1:GFP mice received BrdU 100 min before perfusion. 
(g) Representative field of P4 basis pontis containing 
Sox2+Olig2+BrdU+ALDH1L1:GFP– cells (pink arrows) and 
Sox2+ALDH1L1:GFP+BrdU+Olig2– cells (green arrow). Scale bar = 20 µm. (h) Rep-
resentative field of P0 pontine tegmentum containing BrdU+ALDH1L1:GFP+Olig2+ 
(white arrow) and BrdU+ALDH1L1:GFP+Olig2– (blue arrow) subtypes of proliferative 
astrocytes. Scale bar = 10 µm. (i) Densities of GFP+Olig2+BrdU+ cells in 
ALDH1L1:GFP pons, and of Sox2+Olig2+BrdU+ cells in wild type pons. (j-l) 
Sox2:GFP knock-in reporter mice received a single dose of BrdU 100 min before 
perfusion. (j) P4 pons tissue costained for BrdU, Sox2:GFP, and the oligo-lineage 
marker Sox10.  Yellow arrows indicate representative BrdU+GFP+Sox10+ triple-
positive cells. Scale bar = 15 µm.  (k) Sox2:GFP pons regions aged P4 or P45 were 
analyzed for the proportion, among proliferative OLPs (Sox10+BrdU+), of cells 
expressing the Sox2:GFP reporter; this percentage was greater in P4 basis pontis 
than tegmentum (P = 0.0026, unpaired t-test).  All graphs show mean ± SEM, n = 3 
mice per region per strain per timepoint. 
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Figure 7.  Postnatal Sox2+ progenitors give rise to all stages of oligodendroglial 
lineage and produce ~95% of adult pons OLs.
Legend can be found on the following page.

P
ro

lif
. O

P
C

s

S
ox

2 
 O

lig
2 

 c
el

ls
M

ye
lin

at
in

g 
O

Ls

 

maternal
gavage
Tamoxifen Perfusion

- or -

- or -

i.p. injection
Tamoxifen Perfusion

i.p. injection
Tamoxifen Perfusion

P120P60

P60P10

P60P2+P3

Sox2CreER; Ai14 e f

g

b

c

d

Region:
Tamoxifen:

Basis
P2+P3

Teg Basis
P10

Teg Basis
P60

Teg Basis
No Tamox

Perfusion:
Number of mice:

P60 P60 P120 P60
n=3 n=5 n=4 n=3

Teg

APC Olig2 TdTomato APC  Olig2  TdT MBP Merge + MBP

APC Olig2 TdTTdTomatoOlig2APC

P
2+

P
3 

ta
m

ox
.

P
60

 P
er

fu
si

on

Percent of Adult Oligodendrocytes that Express TdTomato

Olig2EdU Sox10TdTomato

TdTomato Sox2 Olig2 TdT  Sox2  Olig2

+
–

0

20

40

60

80

100

 

Sox2CreER; Ai14 
a

EdU
(100min)

+ Perfusion

Tamox.

P2+P3 P8

** ***

*******

**** ****

87



Figure 7.  Postnatal Sox2+ progenitors give rise to all stages of oligodendroglial 
lineage and produce ~95% of adult pons OLs.
(a-d) Short-term Sox2CreER fate-mapping.  Sox2CreER;Ai14 pups were given 
tamoxifen (by maternal gavage) at age P2+P3, and EdU intraperitoneally at age P8, 
100 min prior to perfusion.
(b-d) TdT+Olig2+ cell types observed in P8 basis pontis following regimen of (a); 
scale bars = 20 µm.
(b) TdT+Olig2+EdU+Sox10+ proliferative OLPs (arrows).  (c) TdT+Olig2+Sox2+ 
(cyan arrows) and TdT+Olig2+Sox2– cells (magenta arrows).  (d) 
TdT+Olig2+APC+MBP+ myelinating OLs (arrowheads).
(e-g) Schematic of long-term Sox2CreER;AI14 fate-mapping.  Tamoxifen induction 
was performed in one cohort by maternal gavage at P2 and P3, and in a second 
cohort by IP injection at P10; these two cohorts were perfused at P60. Another cohort 
received tamoxifen at P60 and was perfused at P120.
(f) TdT+Olig2+APC+ mature OLs in adult basis pontis of P2–P3 tamoxifen-induced 
Sox2CreER;Ai14 mice; scale bar = 20 µm. (g) Quantitation, by pons region and 
tamoxifen timing, of the proportion of mature OLs (APC+Olig2+) that coexpress TdT, 
demonstrating origin from Sox2+ progenitors at the indicated postnatal ages.  A 
cohort of no-tamoxifen control mice showed TdT expression in roughly 1% of adult 
pons OLs, indicating a low rate of background recombination. Graph shows mean ± 
SEM of the indicated n mice. ** P < 0.01, *** P < 0.001, **** P < 0.0001 (unpaired 
t-test, vs. corresponding region of P2+P3 dosed mice).
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Supplementary Figure 1. Expression of intermediate filaments along 4th 
ventricle and midline.
Sections of CD1 wildtype mouse pons tissue aged P4 were co-stained for Vimen-
tin, Nestin, and GFAP, revealing partly overlapping expression patterns among the 
three intermediate filaments. a) Radial glial fibers visible along the 4th ventricle, 
extending into tegmentum. b) Vimentin and Nestin are expressed intensely in the 
fibers of the MRGS, with adjacent GFAP+ processes, and some filamentous 
Vimentin and Nestin staining within parenchyma.Scale bars = 20 µm throughout.
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Supplementary Figure 2. Basis Pontis is most proliferative region of postna-
tal brainstem, and pontine tegmentum is more proliferative than midbrain 
tegmentum.
Legend can be found on the following page.
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Supplementary Figure 2. Basis Pontis is most proliferative region of postnatal 
brainstem, and pontine tegmentum is more proliferative than midbrain teg-
mentum.
CD1 wild type mice received a single dose of BrdU 100 min before perfusion. Immu-
nofluorescent BrdU staining was detected by confocal microscopy. Proliferation 
density was computed as number of BrdU+ nuclei divided by tissue area. All data 
points represent mean ± SEM of n = 3 mice; P-values based on 2-way ANOVA and 
Bonferroni post hoc adjustment.  * P < 0.05; ** P < 0.01; *** P < 0.001; n.s. P > 0.05. 
(a-e) Sections in the coronal plane illustrate the levels of brainstem represented in 
(f-h). (f) Basis pontis is more proliferative than both ventral medulla (F(1,32)=11.53, 
P = 0.0108) and dorsal medulla (F(1,32)=25.14, P < 0.0006). (g) Basis pontis is 
more proliferative than ventral midbrain (F(1,32)=78.16, P < 0.0006), midbrain 
tegmentum (F(1,32)=122.34, P < 0.0006), and midbrain tectum (F(1,32=8.87, P = 
0.0330). (h) Pontine tegmentum is more proliferative than midbrain tegmentum 
(F(1,32)=11.86, P = 0.0032), but not dorsal medulla (F(1,32)=0.07, P = 0.7918).

91



a

b

BrdU

P0 P8 P36

EdU Perfusion

P4

BrdU
NeuN
EdUEdUNeuNBrdU

Supplementary Figure 3. Postnatal pontine proliferation is non-neurogenic.
(a) CD1 wild type mice were given BrdU at 50mg/kg every 12 hrs from P0.5 through 
P4, then EdU at an equimolar dose (41 mg/kg) every 12 hrs from P4.5 through P8, 
and perfused 28 days following treatment.
(b) Pons tissue from mice prepared as in (a) was co-stained for BrdU, EdU, and 
NeuN, but no NeuN+BrdU+ or NeuN+EdU+ figures were found. Shown here is basis 
pontis. No NeuN+XdU+ cells were observed in tegmentum either. Additional experi-
ments involving BrdU/EdU treatment between P8.5-P16, P16.5-P24, P24.5-P32, P0 
(single dose BrdU), or P4 (single dose BrdU), followed by 28-day chase period in 
each case, also yielded no NeuN+XdU+ pons cells.
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Supplementary Figure 4a-i.  Properties and progeny of postnatal 4th VZ progeni-
tor cells.
Supplementary Figure 4j-n can be found on the following page, as can the legend for 
all of Supplementary Figure 4.

Adeno:Cre
into Lat. Ventricle

Ai14 or ALDH1L1:GFP;Ai14
P1

P24

4t
h 

V
Z

&
 T

eg
m

en
tu

m

TdTomatoDAPId

ca b

e

f g

h i

h

f

TdT / DAPI

G

TdT / Sox10 / DAPI TdT / ALDH1L1:GFP / DAPI

B
as

is
 P

on
tis

TdT / DAPI

I

TdT / Sox10 / DAPI TdT / ALDH1L1:GFP / DAPI

p-H3 p-Vimentinp-H3

p-VimentinDAPI

P24

P4

GFAP
P4

TdT

EdU

GFAP TdT EdU

GFAP  BrdU

Vimentin BrdU 20 µm

Vimentin  BrdU

P4

P1 Viral injection

P4

P4
100min

Perfusion

Perfusion

EdU

93



Supplementary Figure 4.  Properties and progeny of postnatal 4th VZ progenitor 
cells.
(a) Wild type mice received BrdU in a single dose 100 min prior to perfusion.  BrdU+ 
nuclei in postnatal 4th VZ are surrounded by fibers of GFAP and Vimentin.  Scale bar = 
20 µm. (b) Co-staining for M-phase marker phospho-histone-H3 (pH3) and phospho-
ser55-Vimentin (p-Vimentin) reveals radial glial-like morphology of 4th VZ progenitors.  
Scale bar = 20 µm. (c-i) Viral fate-mapping of postnatal 4th VZ progenitors.  
Ai14;ALDH1L1GFP pups received Adeno-Cre viral injection in lateral ventricle at age 
P1, and were perfused at P4 (100 min after a single dose of EdU) or at P24.  (d) Co-
staining of P4 tissue sections for EdU, GFAP, and TdTomato reveals proliferative TdT+ 
nuclei in the VZ of the 4th ventricle.  Scale bar = 20 µm.  (e) Cre-recombined cells are 
visible in olfactory bulb, confirming successful targeting of forebrain V-SVZ progenitors; 
along the surface of the entire ventricular system, including pontine 4th ventricle;  and 
along the ventral surface of the brain, suggesting viral outflow to meningeal space via 
cisterna magna.  Scale bar = 1 mm.  (f) Enlarged view of 4th VZ and pontine tegmen-
tum region indicated in (e), revealing parenchymal TdTomato (TdT)+ cells.  Scale bar = 
100 µm.  (g) Further enlargment of pontine tegmentum as indicated in (f), showing 
co-immunostaining for TdTomato (Red) and lineage-specific markers (Green: left, 
Sox10; right, ALDH1L1:GFP).  Scale bar = 50 µm.  (h) Enlarged view of basis pontis 
region indicated in (e), revealing parenchymal TdT+ cells.  Scale bar = 100 µm.
(i) Further enlargment of basis pontis as indicated in (h), showing immunostaining for 
TdT and lack of colocalization with either Sox10 (left) or ALDH1L1:GFP (right).  The 
TdT+ cells have morphology of blood vessels.  Scale bar = 50 µm. (j-n) RCAS:GFP 
retrovirus injected into P2 lateral ventricle of Nestin-tva mice resulted in sparse clusters 
of GFP+ cells in P60 pons parenchyma. (k-l) A cluster of GFP+Olig2+APC– cells, with 
OLP-like morphology, near locus ceruleus. (m-n) A cluster of round, Olig2+APC+ cells 
in caudal pontine tegmentum, indicating mature pons OLs deriving from postnatal 4th 
ventricle progenitors. Scale bars = 200 µm (k,m), 50 µm (l,n).
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Supplementary Figure 5a-f.  Proliferative progenitors in postnatal 
pons deriving from midline domain.
Supplementary Figure 5g can be found on the following page, as can the 
legend for all of Supplementary Figure 5.
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Supplementary Figure 5.  Proliferative progenitors in postnatal pons deriving 
from midline domain.
(a) Wild type mouse pons sectioned at oblique angle and stained for Vimentin (green) 
and DAPI (magenta).  Note the intense vimentin staining along the midline.  Scale bar 
= 500 µm.  (b) Pons tissue from a mouse perfused 100 min after a single dose of 
BrdU (50 mg/kg) was co-stained for Vimentin, GFAP, and BrdU, revealing proliferating 
cells among fibers of the midline.  Scale bar = 20 µm.  (c) Schematic of fatemapping 
of midline domain.  (d) TdTomato labeling by FoxA2CreER;Ai14 in caudal pons, 
extending from 4th ventricle along midline, and including nearby cells. The MRGS and 
nearby cells were clearly labeled, along with other pontine structures known to derive 
from FoxA2+ progenitors (Norton et al., 2005): the motor nuclei of cranial nerves V, VI, 
and VII, and raphe nuclei.  Scale bar = 500 µm.  (e) TdTomato expression in fibers 
along midline and in nearby parenchyma of basis pontis.  Scale bar = 100 µm.  (f) 
Co-labeling of TdTomato, EdU, and ALDH1L1:GFP reveals that some P4 proliferative 
astrocytes are labeled by FoxA2CreER recombination at E9.5.  Yellow arrows indicate 
ALDH1L1:GFP+EdU+TdT+ cells; magenta arrows indicate GFP–EdU+TdT+ cells.  
Scale bar = 50 µm. (g) Co-labeling of TdTomato, EdU, and Sox10 reveals P4 prolifera-
tive oligodendroglia in tegmentum labeled by FoxA2CreER recombination at E9.5. 
Magenta arrows indicate Sox10+EdU+TdT+ cells.  Scale bar = 50 µm. (d-g) in a 
section of bilateral width 4mm, we observed no TdT+EdU+ cells further than 500µm 
from the midline; the only TdT+ cell bodies beyond 1mm from midline were trigeminal 
motor neurons. These results show that while the midline domain produces postnatally 
proliferative astroglia and oligodendroglia, these progeny are regionally restricted.

gTegmentum

EdU
Sox10
TdTomato

TdTomato

Sox10

EdU

96



Supplementary Figure 6a-d. Astrocytes do not account for most 
Sox2+Olig2+BrdU+ cells, and Olig2 is rare in postnatally proliferative astro-
cytes.
Supplementary Figure 6e can be found on the following page, as can the legend for 
all of Supplementary Figure 6.

Age BrdU  GFP Olig2  BrdU  GFP BrdU  GFP Olig2  BrdU  GFP
P0 69.4 ± 7.9 6.1 ± 3.7 22.6 ± 6.1 13.7 ± 3.8
P2 74.9 ± 8.0 3.8 ± 2.4 27.1 ± 7.2 8.3 ± 3.2
P4 73.0 ± 3.9 1.3 ± 0.9 12.4 ± 2.9 3.2 ± 1.2
P6 37.7 ± 1.2 2.8 ± 1.1 6.6 ± 0.1 0.6 ± 0.6
P8 19.6 ± 2.3 1.9 ± 1.0 1.0 ± 0.1 0.4 ± 0.2
P10 14.8 ± 3.2 0 ± 0 0.4 ± 0.2 0.1 ± 0.1
P12 2.9 ± 1.4 0 ± 0 0.3 ± 0.3 0 ± 0
P16 0 ± 0 0 ± 0 0 ± 0 0 ± 0
P20 0 ± 0 0 ± 0 0 ± 0 0 ± 0
P64 0 ± 0 0 ± 0 0 ± 0 0 ± 0
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Supplementary Figure 6. Astrocytes do not account for most Sox2+Olig2+BrdU+ 
cells, and Olig2 is rare in postnatally proliferative astrocytes.
(a) Breakdown by Sox2 and Olig2 status of BrdU+ cells in basis pontis (also shown in 
Fig. 6d, repeated here for convenience) and pontine tegmentum. In pairwise compari-
sons between the Sox2+Olig2+BrdU+ population and each other population, 3-factor 
ANOVAs based on cell type, region, and age revealed that the Sox2+Olig2+BrdU+ 
population is the most abundant  (F(1,80)≥170.26, P < 0.0003). Comparing cell types 
pairwise within individual pons regions, 2-factor ANOVAs based on cell type and age 
similarly showed the Sox2+Olig2+BrdU+ population to be greater than any other 
population in tegmentum (F(1,40)≥38.07, P < 0.0003) as well as basis pontis 
(F(1,40)≥196.91, P < 0.0003, as mentioned in Figure 6d). P values include Bonferroni 
post-hoc adjustment. (b) Representative fields from P4 ALDH1L1:GFP pons regions 
co-stained for Sox2, Olig2, and GFP, revealing expression of Sox2 in many GFP+ 
cells and expression of Olig2 in a subset of GFP+ cells. Scale bar = 20 µm. (c) Repre-
sentative field of P4 ALDH1L1:GFP mouse pons stained for GFP, BrdU, Sox2, and a 
different Olig2 antibody from that used in Fig. 6g, confirming that Olig2 is commonly 
expressed in BrdU+Sox2+ALDH1L1:GFP– cells. Scale bar = 20 µm. (d) Proliferation 
density of Olig2+ALDH1L1:GFP+BrdU+ cells through postnatal development, listed 
here numerically because counts were barely visible in graph of Fig. 6i, indicating that 
astrocytes do not account for the Sox2+Olig2+BrdU+ population observed in wild type 
mice (see (a) above and Fig. 6i). Furthermore, the Olig2+ subpopulation is a small 
proportion of total ALDH1L1:GFP+BrdU+ cells, except in P0 tegmentum. (e) Fate-
mapping to P16 with Olig2-cre;Ai14 reveals TdT expression in some tegmental astro-
cytes and nearly all basis pontis astrocytes, suggesting developmental history of Olig2 
expression.
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Supplementary Figure 7a-b.  Comparison of adult pons labeling by postnatal 
Sox2CreER and Gli1CreER recombination.
Supplementary Figure 7c can be found on the following page, as can the legend for all 
of Supplementary Figure 7.
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Supplementary Figure 7.  Comparison of adult pons labeling by postnatal 
Sox2CreER and Gli1CreER recombination.
Sox2CreER;Ai14 mice or Gli1CreER;Ai14 mice were given tamoxifen at the indicated 
ages and perfused at P60.  Hindbrain sections were prepared and stained for TdTo-
mato to reveal extent of adult tissue derived from postnatal Sox2+ or Gli1+ progeni-
tors.  (a) Both reporters showed extensive TdT expression in the cerebellar granule 
layer, as expected, with broader labeling at P2+P3 than at P10. Sox2CreER produced 
broad labeling throughout pons parenchyma, with more at P2+P3 than P10, while 
Gli1CreER produced sparse parenchymal labeling, and more at P10 than at P2+P3. A 
low rate of spontaneous recombination, producing sparse clones of cells, was 
observed in no-tamoxifen control Sox2CreER;Ai14 mice. Gli1CreER;Ai14 
no-tamoxifen control mice showed no background recombination (not shown).  Scale 
bar = 200 µm.  (b) Higher-magnification view of pons parenchyma, stained for TdT 
(red), APC (green), and Olig2 (blue). TdT+APC+Olig2+ cells were observed in 
Sox2CreER;Ai14 pons, but not in Gli1CreER;Ai14 pons. Scale bar = 20 µm. (c) Mice 
of the indicated genotypes received tamoxifen at P10 and were perfused at P60; pons 
sections were stained for TdT (red) and the astrocyte markers S100B (green) and 
GFAP (blue). Scale bar = 20 µm.
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Supplementary Figure 8. Apoptotic oligodendrocyte in postnatal mouse pons.
CD1 wildtype mouse pons tissue aged P12 was co-stained for cleaved caspase-3 
and Sox10. Note the complex, multipolar morphology of cleaved caspase-3 
surrounding a Sox10+ nucleus. Scale bar = 20 µm. TFP = transversus fasciculus 
pontis, PN = pontine nuclei.
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Supplementary Figure 9. Postnatal Pons OLPs are lineage-restricted.
a) NG2CreER;Ai14;ALDH1L1:GFP mice received tamoxifen at P4 and perfusion at P8, 
revealing TdTomato expression in Sox10+ oligodendroglia but not in ALDH1L1:GFP+ 
astrocytes. Similar results were obtained with tamoxifen at P0.
b-d) Long-term fate-mapping of NG2CreER;Ai14 mice: Animals received tamoxifen at 
P0 and were perfused at P60.
c) A cluster of TdT+ Olig2+ APC+ OLs labeled in P60 NG2CreER;Ai14 mice after 
tamoxifen at P0.
d) TdT does not colocalize with fibers of GFAP+ astrocytes in P60 NG2CreER;Ai14 
mice after tamoxifen at P0.
All images shown are from basis pontis. All scale bars are 20 µm.
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Supplementary Figure 10. Sox2:GFP knock-in mice report faithfully.
Pons sections from Sox2:GFP mice aged P4 were co-stained for GFP 
and Sox2 protein. Region shown is from basis pontis. Scale bar = 50 µm.
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Supplementary Figure 11a-g. Phosphorylated Vimentin in mitotic OLPs and 
parenchymal astrocytes.
Supplementary Figure 11h-l can be found on the following page, as can the legend 
for all of Supplementary Figure 11.
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Supplementary Figure 11. Phosphorylated Vimentin in mitotic OLPs and paren-
chymal astrocytes.
(a) Preliminary quantitation of the percent of M-phase cells (phospho-H3+) that 
co-stained for phospho-ser55-Vimentin; n = 1 per timepoint, counts from basis pontis. 
(b-c) In P4 mouse basis pontis, p-Vim morphology correlated with Olig2 status, 
suggesting OLPs (round) and astrocytes (multipolar). (d-g) Round pVim+ cells in P4 
mouse basis pontis co-stained for OLP markers as well as nestin and Sox2:GFP. 
(g-k) Multi-polar pVim+ cells co-stained for astrocyte markers as well as Nestin and 
Sox2:GFP.
All scale bars = 10 µm.
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Supplementary Figure 12. Postnatal maturation of pons astrocytes.
a) Pons sections from mice at the indicated ages were stained for GFAP or vimen-
tin. Region shown is from basis pontis. Note the transition between P12 and P16. 
Scale bar = 100 µm.
b) Pons sections from ALDH1L1:GFP mice at the indicated ages were co-stained 
for GFP, BLBP, and GFAP. Region shown is from basis pontis Scale bar = 20 µm. 
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Supplementary Figure 13. Gli1:nLacZ labels some pons astrocytes.
Pons sections from Gli1:nlacZ;ALDH1L1:GFP mice aged P12 were co-stained for 
GFP and b-galactosidase. While we observed some non-nuclear staining with neuro-
nal morphology, likely reflecting nonspecific staining of endogenous galactosidases, 
the nuclear-localized beta-gal was expressed in ALDH1L1:GFP+ astrocytes. Region 
shown is from pontine tegmentum. Scale bar = 10 µm.
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Supplementary Figure 14. Postnatal deletion of Sox2 does not affect proliferation.
a) Mice received tamoxifen at P2+P3 by maternal gavage, and a single intraperitoneal 
dose of EdU 100 minutes before perfusion at P8.
b) Basis pontis tissue sections were stained for the indicated antigens. Sox2 was suc-
cessfully deleted in Sox2(CreER/flox);Ai14 mice, but proliferation was maintained. 
Scale bar = 200 µm.
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Chapter 5 

Concluding Remarks and Future Directions 

This chapter summarizes my findings on postnatal pons development in humans and mice, and 

explores important questions raised by my studies. I then discuss the most lethal pediatric brain 

tumor, Diffuse Intrinsic Pontine Glioma, and its likely origins in pontine development, possibly 

from progenitor cells identified in this thesis. 

 

Section I. Postnatal Pontine Development in Mouse and Human: A Synthesis 

As shown in Chapter 3, the human pons grew six-fold postnatally in the first five years, 

including a tripling in size within the first year. The basis pontis grew more rapidly than the 

tegmentum, and although it contained less myelin at birth than the tegmentum, its myelination 

surpassed that of tegmentum by 6 months. This preferential growth and myelination in basis 

pontis coincided with a greater proliferation in basis pontis at birth; a majority of proliferative 

cells expressed Olig2. The proliferation marker Ki67 was most abundant at birth and declines an 

order of magnitude by 2 months, then another order of magnitude by 1.5 years. A very low level 

of proliferation was present in samples from 1.5 years through the oldest observed (13 years). 

The postnatal 4th ventricle VZ contained many Vimentin+Nestin+ cells at birth, fewer at 7 

months, and still some Vimentin+ cells at 7 years. Parenchymal Vimentin+Nestin+ fibers were 

present at birth in basis pontis and tegmentum, but Nestin and Vimentin were absent from pons 

parenchyma after 7 months. 

 As shown in Chapter 4, the postnatal mouse pons quadrupled in size postnatally, and 

the basis pontis quintupled. The mouse basis pontis was the most proliferative region of the 

postnatal brainstem, and its growth and proliferation were both greatest at P4, preceding its 

onset of myelination. No new pontine neurons are made postnatally, but the oligodendroglial 

lineage expanded postnatally by 10fold in tegmentum and 18fold in basis pontis. The 

anatomical compartments of proliferative pontine progenitors and their cellular progeny are 
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shown in Figure 1 of this chapter. Postnatal germinal zones along the 4th ventricle and midline 

contained Vimentin+ and Nestin+ progenitors that generate both oligodendroglia and astroglia, 

but in very limited quantities; the bulk of postnatal cell addition derived from the parenchyma. 

The timeline of parenchymal progenitor proliferation and pons region myelination is illustrated in 

Figure 2. Among postnatal parenchymal progenitors, proliferative OLPs outnumbered 

proliferative astrocytes, and postnatal OLPs are lineage-restricted. The largest population of 

proliferative progenitors coexpressed Sox2 and Olig2, and there is a lineage progression from 

BrdU+Olig2+Sox2+ (a population peaking at P4) to BrdU+Olig2+Sox2– (a population peaking at 

P8). Postnatal Sox2+ progenitors generate roughly 95% of adult pons oligodendrocytes. Further 

evidence for “early” and “late” stages of postnatal OLP comes from the presence of phospho-

vimentin+ OLPs at P4 and their decline shortly thereafter; vimentin was absent from pons 

parenchyma after P12 though it remains in 4th VZ. 

 Figure 3 illustrates the postnatal course of growth, proliferation, and myelination in both 

human and mouse pons. Common properties across species included: 1) a single peak of 

proliferation, coinciding with the fastest growth; 2) greater proportional growth and proliferation 

in the basis pontis than tegmentum; 3) Olig2 expression in a majority of proliferative cells in both 

regions; 4) later myelination in basis pontis than in tegmentum; and 5) Nestin and Vimentin 

expression along the 4th ventricle in both species. Properties discovered in mouse pons and 

remaining to be tested in human pons include: 1) the presence of progenitor cells coexpressing 

Sox2, Olig2, and a proliferative marker; 2) definitive identification of postnatal proliferative 

lineage-committed OLPs by Sox10/Ki67 costaining; 3) proliferation among ALDH1L1+ 

astrocytes (only GFAP+ astrocytes have been investigated, with no proliferation observed); and 

4) germinal potential of proliferative postnatal glia of human pons (which will require in vitro or 

transplant-based fate-mapping studies). The differences I have identified in postnatal 

development may simply reflect differences in gestational length: for instance, while the midline 

domain exists in mice past P4, it is absent in human newborns, having disappeared in the 3rd 
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trimester (Takano and Becker, 1997). Also, myelin basic protein (MBP) does not appear in 

mouse basis pontis until P8, when proliferation has begun to decline; but some MBP+ fibers are 

present at birth in human basis pontis, and proliferation declines from birth. These properties 

suggest a correspondence between P8 mouse pons and full-term human pons. It is conceivable 

that the apparent peak of proliferation observed in newborn human pons may represent a 

decline from a still greater peak at prenatal stages, corresponding to the P4 peak observed in 

mice. 

 We have discovered the identities and the proliferative timing of the progenitor cells that 

shape the postnatal pons through its sustained postnatal oligodendrogenesis and growth. 

However, the functional consequences of these properties remain unknown. It is plausible that 

Sox2 expression in early postnatal OLPs may permit more rounds of cell division, which may 

simultaneously delay myelination until later in the postnatal period and also make a greater 

number of oligodendroglia available for the task. Then, as the cerebellum expands postnatally 

and pontocerebellar circuitry is recruited into use for motor coordination and other tasks, 

myelination could occur rapidly and in an experience-dependent manner. These possibilities 

remain hypothetical at this stage, but the work presented here suggests several avenues of 

research by which to test them, described below. 

 

Section II. Further Questions Regarding the Postnatal Development of the Pons 

Our identification of proliferative progenitor cells in the postnatal pons raises new 

questions about their behavior and their molecular properties. The number of oligodendroglia in 

basis pontis increased 18fold from P0 to P16, implying that basis pontis OLPs undergo four or 

more rounds of postnatal division. However, it is unclear whether all basis pontis OLPs are 

equal, and whether the expansion may actually be carried out by a subpopulation dividing five, 

six, or more times. It is also unclear whether pontine OLPs accomplish repeated divisions in 

immediate succession or with multiple-day-long cell cycles. And it is unknown whether there are 
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lineage relationships between adult and juvenile proliferative pons OLPs, or between basis 

pontis and tegmentum OLPs. These possibilities may be addressed in vivo by clonal analysis 

(as in Sun et al., 2014; Beier et al., 2011; García-Marqués et al., 2014; or Espinosa and Luo, 

2008) and by studies of cell cycle dynamics (Ponti et al., 2013). 

I discovered distinct “early” and “late” stages of OLP, distinguished by Sox2 (Chapter 4), 

suggesting that Sox2+ OLPs may be capable of more rounds of division than Sox2– OLPs. This 

hypothesis could be tested using NG2:DsRed;Sox2GFP mice, by purifying DsRed+GFP+ or 

DsRed+GFP– cells from pons, plating cells in vitro at clonal density, and observing clones by 

time-lapse microscopy. It could also be tested in vivo by purifying Sox2:GFP+ cells from mice 

carrying a Tva allele driven by the Sox10 promoter, then labeling with a bar-coded viral library 

(Beier et al., 2011), performing orthotopic transplantation into wildtype mouse pons, and 

observing clone size. A gain-of-function effect for Sox2 could also be tested by overexpression 

of Sox2 in postnatal pons OLPs. I found that postnatal deletion of Sox2 did not affect 

proliferation or oligodendrogenesis (Chapter 4), but this may be due to genetic redundancy with 

Sox3, as Hoffmann et al. (2013) found that deletion of both Sox2 and Sox3 is necessary to 

disturb embryonic spinal cord oligodendrogenesis. Early postnatal deletion of Sox2 and Sox3 in 

tandem from OLPs might incur a dramatic effect on postnatal oligodendrogenesis and the 

development of motor coordination. And it appears that Sox2 is not the only marker of “early 

OLPs”, as I found phospho-vimentin in mitotic OLPs at P4 and younger. Sox2 was present in a 

majority of proliferative OLPs through P24, so phospho-vimentin might represent an even earlier 

stage of “early OLP”. There may be a large set of genes that are differentially expressed in 

“early” and “late” pons OLPs, or among “early” pons OLPs from P0-P4 versus P12-P16; it would 

be interesting to compare gene expression and epigenetic profiles among these various 

populations, using the same sorting technique mentioned above. 

It is unknown whether the abundant progenitor proliferation in the P4 pons, and in basis 

pontis compared to tegmentum, is due to cell-intrinsic or -extrinsic mechanisms. This basic 
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question may be resolved by transplantation studies of pons glia: using orthotopic or heterotopic 

transplants to study regional effects, and using isochronic or heterochronic transplants to study 

age effects. Some possible regulators of postnatal pontine gliogenesis include: 

HIF pathway and oxygen tension. These are known to regulate oligodendrogenesis in 

forebrain and cerebellum (Yuen et al., 2014). The transition from a hypoxic fetal environment to 

the normoxic environment after birth may alter signaling through this pathway, which may 

account for the boost in mouse pons OLP proliferation from P0 to P4 and the abundance of 

Olig2+Ki67+ cells in neonatal human pons. 

PDGF and PDGFRalpha. The mitogenic effect of PDGF ligand on OLPs has been 

known for decades (Richardson et al., 1988; Raff et al., 1988), and the PDGF receptor alpha 

(PDGFRα) is a classic, definitive marker of OLPs (Pringle et al., 1992; Pringle and Richardson, 

1993). The mRNA for PDGF-A ligand is dramatically upregulated in the rat brain shortly after 

birth (Richardson et al., 1988), and might be produced by astrocytes (as in the optic nerve: 

Richardson et al., 1988; Raff et al., 1988), or by neurons (as in the retina: Mudhar et al., 1993), 

or even by the meninges (Richardson et al., 1988), which might contribute to the ventralmost 

pontine white matter tracts, the transverse fasciculis pontis and middle cerebellar peduncle. 

Interestingly, in the forebrain, younger OLPs are more responsive to PDGF-AA than adult OLPs, 

and the OLP mitogenic signal downstream of PDGFRα is mediated by the PI3K/mTORC1 

pathway (Hill et al., 2013). If this holds true in pons as well, then perhaps the BrdU+Olig2+Sox2+ 

“early” OLPs that I observed to be enriched in P4 basis pontis might be especially primed for 

greater proliferation: perhaps by greater expression of PDGFRα, or perhaps by amplified 

signaling downstream. 

Wnt. This morphogen is known to maintain OLPs in a progenitor state (Fancy et al., 

2009), and the response of forebrain OLPs to PDGF is dependent on Wnt signaling (Hill et al., 

2013). Intriguingly, precerebellar pontine neurons derive from cells that express Wnt1 in 

embryonic stages (Rodriguez and Dymecki, 2000). Those neurons retain expression of dorsal 
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markers such as Pax6 even after their arrival in the pontine gray; if they also still express Wnt 

ligand upon their late embryonic arrival in basis pontis, then that might potentiate the basis 

pontis’s postnatal oligodendrogenesis. 

Shh. While Shh promotes embryonic oligodendrogenesis in fore- and hindbrain (Tekki-

Kessaris et al., 2001; Davies and Miller, 2001; Vallstedt et al., 2005), I suspect pontine Shh 

signaling is not high during postnatal oligodendrogenesis, as I observed that Gli1CreER fate-

mapping in postnatal pons did not label any oligodendrocytes. However, I did not test whether 

lower levels of Shh signaling might contribute to postnatal pons oligodendrogenesis; this 

possibility could be tested by conditional deletion of Smo, Gli2, or Gli3. 

Thyroid hormone. This has been shown to promote OLP differentiation in vitro, with 

differential sensitivity among OLPs from different brain regions (Power et al., 2002). Thyroid 

hormone-induced differentiation to OLs is mediated by p53 and p73 (Billon et al., 2004). 

Reference ranges of levels of free (i.e. active) thyroid hormones in the blood suggest that this 

factor remains relatively constant during childhood (Soldin, 2009), though it is conceivable that 

regulation through this pathway could occur at the level of receptor expression. 

Chromatin state. Casaccia and colleagues have shown that rat OLPs in early postnatal 

corpus callosum cannot differentiate into myelinating OLs in vivo without histone deacetylation 

(Shen et al., 2005), or in slice cultures without H3K9 trimethylation (Liu et al., 2015). These 

findings are consistent with one another, as H3K9me3 and deacetylated K4, K9, and K27 are all 

marks of a repressed locus. It is therefore conceivable that OLPs could be epigenetically 

programmed in the embryo to maintain a progenitor state until histones are deacetylated and 

H3K9 is trimethylated, at which point – perhaps in postnatal development – they differentiate 

into myelinating OLs. 

Hox genes. Miguez et al. (2012) showed that HoxA2 and HoxB2 in the neuroepithelium 

control oligodendrogenesis, but are downregulated by the OLP stage. Curiously, the same study 

reported (but did not show) that HoxA2:GFP knock-in mice had GFP expression in CNPase+ 
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“mature OLs” of E18.5 brainstem. It is conceivable that Hox genes might become temporarily 

repressed, but poised for later re-expression based on environmental or intrinsically timed cues, 

and that this transitional stage might be permissive of proliferation. 

Neurons. Interestingly, I found that the sequence of myelination in mouse pons 

tegmentum was consistent with birth order of neuronal components: CN V was among the 

earliest myelinated structures in mouse pons, consistent with its neurons’ early formation (see 

Chapter 1), while the central gray showed a later myelination correlating with the later birthdate 

of structures such as parabrachial nuclei. Consistent with this pattern, I also observed that the 

basis pontis - which is the last brainstem structure to receive its neurons, as discussed in 

Chapter 1 - underwent a later myelination compared to the rest of the tegmentum. Furthermore, 

both astrocytes and OLPs in the basis pontis remained proliferative to a later age than in 

tegmentum, and the basis pontis contained a greater proportion of Sox2+ “early” OLPs at P4. It 

is possible that gliogenesis in the basis pontis is dependent on the arrival of precerebellar 

neurons, whether through activity-dependent mechanisms (Barres et al., 1993; Gibson et al., 

2014) or neuron-derived growth factors (Mudhar et al., 1993). Such a hypothesis could be easily 

tested in certain conditional mutant mice created by Di Meglio et al. (2013), wherein LRL-

derived neurons fail to migrate anteriorly into r5 and thus form ectopic precerebellar “pontine” 

nuclei at the level of the medulla. It would be interesting to examine whether postnatal 

gliogenesis differs between wildtype and mutants at the levels of r3/r4 (the normal site of the 

pontine nuclei) or r6 (the site of the ectopic PN). 

I have focused the above discussion mostly on regulation of postnatal OLPs, which are 

the largest postnatal proliferative population; but as mentioned, some parenchymal astrocytes 

also proliferate in the postnatal pons, up to P12. The factors controlling the relatively early exit 

of pons astrocytes from the cell cycle are unknown. Between P12 and P16, I observed among 

astrocytes a switch of intermediate filament expression from Vimentin to GFAP, and more TdT+ 

astrocytes labeled in Gli1CreER;Ai14 mice when given tamoxifen at P10 rather than P2+P3. It is 
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thus plausible that vimentin permits astrocyte mitosis, or that Shh/Gli1 promotes quiescence in 

astrocytes. In the embryonic spinal cord, the BRAF-MAPK signaling pathway is necessary and 

sufficient for parenchymal astrocyte proliferation (Tien et al., 2012). Once an inducible, 

astrocyte-specific Cre driver is identified, it will be possible to test this mechanism in postnatal 

pons astrocytes using Braf conditional mutant mice. (Such a driver will also allow one to 

determine whether parenchymal pons astrocytes are lineage-restricted or partly 

oligodendrogenic.) If BRAF does mediate pons astrocyte proliferation, it might be due to 

activation of the epidermal growth factor receptor, which is expressed in early postnatal 

astrocytes of the forebrain (Foo et al., 2011). 

 One additional developmental question raised by my work is whether, and when, 

postnatal pons glia undergo programmed cell death. Apoptosis has been observed in basis 

pontis neurons from P0-P2 (Madalosso et al., 2005). My stereologic counts of oligodendroglia 

showed a decline in OLPs from P16 to P24, but a constant number of OLs. It is possible that 

cells are dying at the OLP stage, or that they are differentiating at the OL stage and then dying. 

Apoptosis is known to occur in rat optic nerve OLs from P9 through P30 (Barres et al., 1992), 

and while I did not perform a longitudinal study of apoptosis in mouse pons, I did observe 

Sox10+ cleaved-Caspase-3+ cells with OL-like morphology in P12 basis pontis. I did not 

investigate the possibility of astrocyte apoptosis in postnatal pons, though it has been reported 

in P6 mouse cortex (Foo et al., 2011).  

  

Section III. Diffuse Intrinsic Pontine Glioma, a Pediatric Tumor of the Pons. 

 The study of pontine development is important because of the crucial neurologic 

functions of the pons, and also because the pons is the site of a fatal pediatric brain tumor, 

Diffuse Intrinsic Pontine Glioma (DIPG). DIPG is typically diagnosed around age 7 (Khuong-

Quang et al., 2012); median survival is 1 year past diagnosis, and 90% of patients die within 2 

years of diagnosis (Hargrave et al., 2006). Presenting symptoms typically include cerebellar 
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ataxia and dysmetria (due to involvement of the precerebellar PN), upper motor neuron deficits 

(due to involvement of the CST), and deficits in eye abduction and facial symmetry (due to 

involvement of CN VI and VII; Fisher et al., 2000; Schroeder et al., 2013). As its name implies, 

DIPG spreads diffusely throughout the pons, and has often infiltrated the entire dorsal-ventral 

extent of the brainstem before diagnosis. Fischbein et al. (1996) documented by MRI that when 

DIPG expands beyond the normal confines of the brainstem, it does so ventrally (around the 

basilar artery) more often than it does dorsally (into the 4th ventricle). However, this does not 

necessarily mean that DIPG is a “ventral tumor” or has a ventral origin: DIPGs observed at very 

early stages may appear to occupy either dorsal or ventral pons (Schroeder et al., 2013). 

Histologically, a single DIPG is heterogeneous, and different regions of the same tumor 

can range from grade II to grade IV (Buczkowicz et al., 2014). DIPG can appear to have 

astrocytic or oligodendrocytic character, and one study suggested that this histologic profile 

correlated with gene expression profile: DIPG with astrocytic histology shows high expression of 

vimentin, while DIPG with oligodendroglial histology shows high expression of PDGFRA, 

SOX10, OLIG2, and, interestingly, SOX2 (Puget et al., 2012). 

DIPG typically features several mutations common to many cancers, and one mutation 

that is almost unique to DIPG. Approximately 80% of cases have a heterozygous, somatic point 

mutation in an isoform of Histone H3, wherein lysine 27 is changed to methionine (Wu et al., 

2012; Khuong-Quang et al., 2012); this mutation is also found in some pediatric gliomas of the 

thalamus, but not in gliomas of the forebrain (Sturm et al., 2012). The H3K27M mutation is usually 

found in histone H3.3 (H3F3A) but sometimes in histone H3.1 (HIST1H3B or HIST1H3C; 

Fontebasso et al., 2014); its mechanism of action is uncertain and likely pleiotropic, and will be 

discussed later. Notably, H3K27M tumors have distinctive epigenomic profiles marked by global 

DNA hypomethylation and reduced H3K27me3 (Bender et al., 2013; Venneti et al., 2013). The 

rarer H3.1-mutant DIPGs have an activating mutation in the BMP receptor ACVR1, while the 

more common H3.3-mutant DIPGs have wildtype ACVR1 (Fontebasso et al., 2014). The ~20% 
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of DIPG cases without histone mutations typically present earlier (4.6 years vs. 8.1 years), and 

have a longer survival (~30% at 5 years; Khuong-Quang et al., 2012). Histone-wildtype tumors 

show deletion of chromosome 9p, which contains the CDKN2A locus encoding the tumor 

suppressors p16INK4A and p19ARF, while histone-mutant tumors retain 9p and CDKN2A (Khuong-

Quang et al., 2012; Paugh et al., 2013; Fontebasso et al., 2014). Despite the intact CDKN2A 

locus, K27M tumor cells may lack p16 protein (Hashizume et al., 2012). The tumor suppressor 

p53 shows point mutations in 40% of DIPGs (Grill et al., 2012), and deletion in 20-30% (Barrow 

et al.; Paugh et al., 2011; Puget et al., 2012). p53 is generally intact in H3.1 mutant tumors. 

30%-50% of DIPG cases show amplification of PDGFRA (Zarghooni et al., 2010; Paugh et al.,  

2010, 2011; Puget et al., 2012; Buczkowicz et al., 2014), and ~5% of DIPGs show activating 

point mutations in PDGFRA (Paugh et al., 2013). Notably, one study observed PDGFRA 

amplification to be found exclusively in histone-mutant DIPGs rather than histone-wildtype 

DIPGs (Khuong-Quang et al., 2012). 

Given their dismal prognosis, DIPG patients are in dire need of improved treatments, 

and key to these efforts are preclinical experiments using faithful animal models of DIPG. 

However, the existing models of DIPG are limited in their fidelity and/or scope. Several studies 

have employed xenografts of DIPG patient tumors (Monje et al., 2011; Hashizume et al., 2012; 

Hashizume et al., 2014). While their source is by definition genetically faithful to DIPG, 

xenografts require the use of immunocompromised mice, and are thus missing a crucial 

component of tumor-environment interaction. It is also worth considering that patient tumor cell 

lines obtained post-treatment (such as the post-radiation cell line derived by Monje et al., 2011) 

may behave differently from patient tumor cell lines obtained on initial presentation. Similarly, 

cell lines propagated in vitro or as heterotopic grafts (Hashizume et al., 2012) may alter their 

behavior to reflect selective pressures of their environment.  

Tabar and colleagues (Funato et al., 2014) have recently attempted to engineer a 

xenograft model of DIPG, using lentiviral modification of “neural precursor cells” derived from 
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human embryonic stem cells. “NPCs” are transduced with a constitutive PDGFRA mutant, a 

short hairpin RNA to silence p53 expression, and the H3.3K27M mutant histone, cultured for 

several more days, and then engrafted into pons. While this model might be genetically simpler 

than a patient tumor cell line, as it may lack passenger mutations or artifacts of treatment, it is 

unclear whether its virally overexpressed mutant histone is present at a level comparable to that 

in DIPG. It might be more faithful to create a heterozygous point mutation by using CRISPR/Cas 

(Cong et al., 2013; Mali et al., 2013) to replace one copy of wildtype H3F3A with the mutant 

gene. This model also faces the same limitations as patient-tumor xenografts regarding 

immunodeficient hosts, the difference between engraftment and initiation, and effects of culture 

conditions. Notably, Funato et al. (2014) did not attempt to demonstrate a hindbrain identity 

among their ES-derived “NPCs”, nor did they use caudalizing morphogens such as RA in their 

culture medium; also, some tumors produced from their model appear to show greater 

infiltration through midbrain than pons. Despite those caveats, their comparison of K27 wildtype 

and mutant cells has revealed some potential genetic mediators of DIPG, which will be 

discussed later. 

 Several studies have generated de novo gliomas in rodent brainstem, thus preserving 

immune function; but these models use viral overexpression of PDGF ligand to drive 

gliomagenesis (Becher et al., 2010; Masui et al., 2010; Lewis et al., 2013). DIPG does not 

actually overexpress PDGF ligand; instead it shows amplification or mutation of PDGF receptor 

(and/or other receptor tyrosine kinases; Zarghooni et al., 2010; Paugh et al., 2011, 2013; Puget 

et al., 2012). PDGF ligand overexpression is known to recruit and transform exogenous OLPs 

(Fomchenko et al., 2011), while the PDGFRA amplification and mutation in DIPG would 

conceivably yield clonal expansion. As discussed below, the construction of an accurate model 

will require more than awareness of DIPG genetics; it will require an awareness of basic pons 

development, and in particular the identification of pontine progenitor cells. 
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Section IV. Pontine Gliomagenesis: a Developmental Framework 

Several types of pediatric brain tumor can be considered as disorders of development. 

These tumors’ histological and molecular profiles reflect specific progenitor cell populations, and 

by targeting such progenitors in mice with the patient’s specific mutations, the mice develop 

tumors that are histologically and molecularly faithful models of the human disease. This is the 

case for Shh-type medulloblastoma (initiated in cerebellar granule neuron precursors; Schuller 

et al., 2008), for Wnt-type medulloblastoma (initiated in precerebellar neuronal precursors; 

Gibson et al., 2010), and for ependymomas (initiated in radial glial cells; Taylor et al., 2005). It is 

also thought DIPG has a developmental origin (Monje et al., 2011; Gajjar et al., 2014), but the 

field has suffered from a lack of information about pons progenitor cells. Prior to this thesis, 

several groups attempted to draw inferences about DIPG or other brainstem gliomas by 

purporting to study the behavior of postnatal pons progenitor cells (Yeh et al., 2009; Masui et 

al., 2010; Lee et al., 2010; Becher et al., 2010; Monje et al., 2011; Lewis et al., 2013). For 

reasons discussed below, each of those attempts to connect brainstem development to 

gliomagenesis has been of limited applicability to the fields of pons development and DIPG 

ontogeny. 

Two studies by Gutmann and colleagues (Yeh et al., 2009; Lee et al.,  2010) compared 

gliogenesis in mouse brainstem and cortex, with or without conditional deletion of the Nf1 tumor 

suppressor, an inhibitor of Ras and its effector pathways downstream of receptor tyrosine 

kinases such as PDGFRα. The Gutmann lab chose to investigate Nf1 because they found it 

expressed in normal mouse brainstem more greatly than in cortex (Yeh et al., 2009). Notably, 

NF1 gliomas are typically found in medulla, rather than the pons, and represent a different class 

of tumor from DIPG (Molloy et al., 1995); the region of brainstem examined by Yeh et al. (2009) 

and Lee et al. (2010) included the medulla as well as posterior-dorsal pontine tegmentum, but 

from the diagram in Lee et al. (2010) seemed to exclude basis pontis. Also, these studies used 

conditional deletion of Nf1 driven by GFAP-cre (Yeh et al., 2009; Bajenaru et al., 2002) and 
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Blbp-cre (Lee et al., 2010) drivers, both of which begin their expression at embryonic stages 

(and likely in primary-progenitor radial glia, thus potentially affecting many lineages). Therefore, 

although both studies used postnatal tissue, it is unclear whether the phenotypes observed in 

Nf1 mutants are merely due to embryonic disturbance of gliogenesis, or are due to actual 

properties of postnatal progenitor cells. Nonetheless, I will discuss the Gutmann studies briefly 

here as they are among the very few studies on brainstem progenitor cells to date. The in vitro 

experiments of Lee et al. (2010) suggested that embryonic deletion of Nf1 differentially affects 

postnatally-derived neurospheres from brainstem vs. forebrain: brainstem-derived neurospheres 

are more proliferative and generate more Olig2+ progeny in Nf1 mutants, while forebrain-derived 

neurospheres shift away from Olig2+ progeny in Nf1 mutants. A caveat is that, in vivo, 

“proliferation” was asserted on the basis of numbers of GFAP+, BLBP+, or Olig2+ cells measured 

at only two timepoints (P1 and P8), and not in adulthood (Yeh et al., 2009; Lee et al., 2010). The 

omission of adult-age cell counts obscures the possibility that embryonic Nf1 loss could evoke a 

transient acceleration of development, such that mutants contain more glia at P8, but not 

necessarily in adulthood. Furthermore, cell number reflects a tissue’s cumulative history of cell 

proliferation and survival, and thus could conflate cell proliferation with anti-apoptotic effects of 

Nf1 loss. An actual marker of cell proliferation, Ki67, was only measured in one of the studies, 

and only at a single timepoint (P8), and without any costain for cell type (Yeh et al., 2009). 

Despite these caveats, the studies by Yeh et al. (2009) and Lee et al. (2010) may at some level 

inform embryonic brainstem development and bear on a class of non-DIPG brainstem gliomas. 

In an initial postnatal mouse model of brainstem glioma, Becher et al. (2010) 

demonstrated that when RCAS:PDGF-B virus is delivered to the 4th ventricle of neonatal 

Nestin:Tv-a mice, low-grade gliomas form near the 4th ventricle, and higher-grade tumors in a 

Cdkn2a–/– background (Becher et al., 2010). It was asserted that the Nestin+ progenitors along 

the 4th ventricle could correspond to the the “cell of origin;” however, while the infected VZ 

progenitors were sources of PDGF, Becher et al. did not show that 4th VZ progenitors 
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contributed any cells to the tumor. Given that PDGF ligand recruits and transforms OLPs 

(Fomchenko et al., 2011), it cannot be claimed that Nestin+ VZ progenitors were the cell of 

origin for that glioma model. In a subsequent study (Lewis et al., 2013), the same region was 

targeted, this time using Nestin-tva;p53flox/flox neonates and three separate RCAS viruses 

(expressing Cre recombinase, PDGF-B ligand, and H3.3K27M). In this case VZ progenitors are a 

cell of origin for parenchymal K27M+ cells in the resulting tumors; however, the constitutive 

overexpression of PDGF ligand renders this tumor model different from DIPG, with a paracrine 

transformed-OLP component and an autocrine component (among VZ-derived OLPs inheriting 

RCAS:PDGF). An autocrine loop among PDGF-virus-infected OLPs is also the mechanism of 

the rat brainstem glioma model of Masui et al. (2010); but there is no evidence that either OLPs 

or DIPGs produce their own PDGF ligand.  Rather than forcing perpetual PDGF production, it 

would be more revealing of normal development to let histone-mutant, p53-mutant cells 

experience the normal neonatal upregulation of PDGF (Richardson et al., 1988). Lewis et al. 

(2013) reported that delivering H3.3K27M and floxing p53 without viral PDGF produces “ectopic 

proliferating cell clusters” near the 4th ventricle, but stated that those conditions are insufficient 

to create a tumor in mice. This may be due to their targeting of 4th ventricle progenitors, which 

as shown in the present thesis make a very small postnatal contribution to pons parenchyma. (It 

is also conceivable that the normal period of postnatal PDGF upregulation in mice is too short to 

make tumors, but that the longer development in humans could result in tumor formation.) In 

order to generate a tumor without relying on PDGF ligand, specific progenitor cells could be 

targeted to express a conditional activating allele of Pdgfra (Zou et al., 2015), or a hypothetical, 

conditional, tetracycline-inducible, wildtype Pdgfra allele (and also the lox-stop-lox-rtTA-GFP 

allele of Belteki et al. (2005), to confine inducible Pdgfra overexpression to Cre-recombined 

cells). 

An attempt to implicate “mid-childhood” progenitors. The typical presentation of DIPG 

between 5 and 9 years old has led some to believe that DIPG might arise from a progenitor cell 
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population normally present at those ages. One study (Monje et al., 2011) claimed to identify a 

“second peak” of progenitor cells during “mid-childhood.” However, the study of progenitor cell 

activity requires an investigation of cell proliferation. Monje et al. did not measure proliferation in 

human pons, and only examined two timepoints in mouse: P14 and P21. Two timepoints are 

insufficient to define a single “peak”, let alone two. Our work (Chapters 3, 4) demonstrates that 

postnatal pontine proliferation occurs with a single “peak”, at birth in humans and at P4 in 

mouse; and, further, that each progenitor cell population experiences a single “peak” in its 

proliferation. Therefore the normal course of pontine cell proliferation suggests that there is no 

“mid-childhood” “second peak” of progenitor activity. 

Monje et al. (2011) inferred a “mid-childhood” “second peak” of progenitor cells based on 

two cell populations: one in human and one in mouse, marked by different molecules (nestin 

and Gli1, respectively). Their claim of a “second peak” of nestin+ cells in 5-to-9-year-old human 

pons tissue was based on quantitation of nestin staining, though no anatomical context was 

provided to indicate the spatial distribution of nestin+ cells, nor the location of the individual 

nestin+ cells shown by Monje et al. (2011). We could not replicate that initial finding (Chapter 3); 

we observed that nestin and vimentin were expressed in both basis pontis and tegmentum at 

birth, but neither nestin nor vimentin was expressed in pons parenchyma in our 7- and 8-year-

old human pons samples (or in any samples aged 1.5 years or older). Notably, Monje et al. did 

not investigate nestin staining in mouse pons, but we observed that nestin and vimentin were 

present in pons parenchyma only from birth to P12, suggesting not a “second peak” in “mid-

childhood” but rather a single, neonatal peak. Instead of studying nestin in mouse pons (as they 

had in human), Monje et al. (2011) used the Gli1:nLacZ reporter, which expresses beta-

galactosidase in cells with high Shh signaling. Monje et al. did not attempt to demonstrate that 

human nestin+ cells also expressed Gli1; in fact they did not examine Gli1 expression in normal 

human pons at all. Monje et al. (2011) reported that between ages P14-P21, the number of cells 

expressing Gli1:nLacZ increased, and from this phenotype inferred a “mid-childhood” 
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“progenitor” population. Monje et al. (2011) stated that a P14-P21 mouse could be considered to 

be at the same developmental stage as a 5-to-9-year-old human child on the grounds of “eye 

and tooth development”, but they did not consider any milestones of brain development, nor did 

they provide evidence to associate P14-P21 mouse pons with 5-to-9-year human pons. By 

contrast, our proliferation data suggest P20 mouse (~9% of peak proliferation in basis pontis) 

corresponds better to 7-month human (~5% of peak proliferation in basis pontis) than to 7-to-8-

year human (0.1% of peak), or even to 1.5-year human pons (0.5% of peak). Also, the region of 

mouse brainstem labeled "ventral pons" by Monje et al. did not contain the pontine nuclei and 

was thus not basis pontis, but was rather a tegmental region including the caudal, medullary 

portion of the superior olivary complex. Therefore it is not clear whether the respective ages, 

regions, and cell types in mouse and human pons examined by Monje et al. are comparable to 

one another. 

Monje et al. (2011) showed that a DIPG patient tumor cell line expressed RFP upon 

transfection with a GBS(Gli1 binding site):RFP reporter construct, suggesting that DIPG cells 

express Gli1, like the Gli1-nLacZ+ cells they observed in mouse pons. However, the correlation 

of Gli1 expression with progenitor status does not necessarily hold in normal tissue. Gli1 is 

upregulated in postmitotic parenchymal astrocytes of the adult forebrain (Garcia et al., 2010). 

Notably, my postnatal Gli1CreER;Ai14 fatemaps (Chapter 4) showed no labeling of adult pons 

oligodendroglia, but labeling of S100+ and GFAP+ astrocytes; and labeling in P60 pons 

parenchyma was sparse in mice that received tamoxifen at P2–P3 (when astrocytes were still 

proliferative), but greater in mice dosed at P10 (when astrocyte proliferation had mostly 

ceased). These results, together with those of Garcia et al. (2010), suggest that the increase in 

Gli1+ progenitors that Monje et al. (2011) observed from P10 onward may reflect an 

upregulation of Gli1 among postmitotic astrocytes, and not a population expansion by cell 

proliferation. 
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Monje et al. (2011) claimed that Hedgehog signaling is sufficient to induce postnatal 

brainstem hypertrophy and pontine OLP proliferation, based on experiments in Olig2-

cre;SmoM2 mice. However, the Olig2-cre driver is activated in embryonic pons OLPs (as 

observed by Miguez et al., 2012), so SmoM2 would become expressed in Olig2+ progenitors at 

embryonic stages, and the resulting postnatal cells could be different from those produced by 

postnatal induction of SmoM2 expression. Also, the proliferation observed among pontine 

PDGFRα+ cells might be due to non-OLP-autonomous effects; I found that recombination under 

Olig2-cre is not lineage-restricted, as Olig2-cre;Ai14 labels all basis pontis astrocytes and some 

tegmental astrocytes (chapter 4) as well as all oligodendroglia. As astrocytes can express 

PDGF-A ligand (Richardson et al., 1988), and SmoM2 upregulates PDGF-A ligand expression 

(Mao et al., 2006), it is likely that all basis pontis astrocytes in Olig2-cre;SmoM2 mice express 

SmoM2 and may upregulate their PDGF-A expression, thus driving nearby OLP proliferation. A 

lineage-specific, inducible cre driver such as NG2CreER (Zhu et al., 2011) could demonstrate 

that SmoM2 activation of postnatal OLP proliferation was cell-autonomous. Similarly, the 

observed hypertrophy in SmoM2 mutants may not be brainstem-autonomous: Olig2-cre;SmoM2 

mice develop medulloblastomas due to unregulated proliferation among granule cell precursors 

(Schuller et al., 2008), and indeed, the Olig2-cre;SmoM2 cerebellum shown by Monje et al. 

(2011) shows overgrowth consistent with Shh-driven medulloblastoma. Overgrowth or 

tumorigenesis in an attached brain region might distort the structure of the pons. To show 

sufficiency of pontine Shh signaling for postnatal pontine hypertrophy or OLP proliferation, it 

would be possible to activate Smo specifically in pons using a rhombomere-specific driver (e.g. 

Hoxb1-cre, Di Bonito et al., 2013). The OLP proliferation phenotype could also be addressed 

through stereotaxic targeting of pons: by viral transduction of SmoM2, or by transplantation of 

pons OLPs, using donor and recipient mice of wild type or SmoM2 conditional mutant 

genotypes. But in the absence of data from inducible, cell type-specific, or pons-specific 
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mutants, it is unclear whether the SmoM2 phenotypes observed by Monje et al. (2011) are 

attributable to postnatal progenitor cell behavior. 

Implications of our findings for pontine gliomagenesis. Our studies of proliferative 

progenitor cells in the postnatal human pons (Chapter 3) lead to the hypothesis that DIPG does 

not initiate at its typical age of diagnosis (5-9 years), but rather may initiate during infancy, while 

progenitor cells are still rapidly proliferating. It is also possible that DIPG may originate during 

prenatal stages, which may correspond to the P4 peak that I observed in mouse pons (Chapter 

4). And I found that the basis pontis is the most proliferative region of the postnatal brainstem, 

which may predispose it to become a site for tumors (Tomasetti and Vogelstein, 2015). 

Similarly, I found that OLPs are the most proliferative cell type in the postnatal pons, 

which may render them prone to oncogenesis (Tomasetti and Vogelstein, 2015). Several lines 

of research support the notion that OLPs can drive glioma growth. OLPs express PDGFRα 

(Pringle et al., 1992; Pringle and Richardson, 1993), and PDGFRA is amplified and/or mutated 

in many DIPGs (Zarghooni et al., 2010; Paugh et al., 2010, 2011, 2013; Puget et al., 2012; 

Khuong-Quang et al., 2012; Buczkowicz et al., 2014). Also, OLPs are a cell of origin in multiple 

models of pediatric forebrain glioma (Liu et al., 2011; Lindberg et al., 2014) and adult glioma 

(Persson et al., 2011; Galvao et al., 2014). Therefore it is highly plausible that postnatal pons 

OLPs could initiate DIPG. 

Notably, Sox2 and Olig2, which I observed coexpressed in a majority of proliferative 

OLPs, are also highly expressed in DIPGs with oligodendroglial histology (Puget et al., 2012). 

The abundance of Sox2+ proliferative OLPs in the pons, and their lineage progression to the 

later BrdU+Olig2+Sox2– stage, suggests that Sox2 might contribute to self-renewing divisions; 

and if an OLP were to maintain Sox2 beyond its appropriate developmental stage, this might 

permit additional mitoses. On that note, Sox2 and Olig2 are two of the four factors that in 

tandem can transform non-tumorigenic, differentiated glioma cells into serially transplantable, 

glioma-propagating cells (Suvà et al., 2014). 
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While I have focused largely on pons OLPs, I cannot rule out that astrocytes might serve 

as a cell of origin in DIPG. Parenchymal astrocytes experienced a plateau of proliferation in the 

first four postnatal days, and all parenchymal astrocytes expressed Sox2. A subpopulation of 

proliferative parenchymal astrocytes expressed Olig2, and all basis pontis astrocytes showed a 

developmental history of Olig2 expression. And while the pons saw dramatic growth and 

proliferation in the early postnatal period, I cannot ignore that prenatal progenitors may be a 

source of gliomas: in rare cases, diffuse gliomas have been found in the pons of neonates 

(Shah et al., 2008). 

Histone mutations and their development-related candidate effector pathways. The 

hypothesis that DIPG derives from progenitor cells was strengthened by the discovery of H3K27M 

mutations (Wu et al., 2012; Schwartzentruber et al., 2012), because modifications at histone H3 

lysine 27 can regulate differentiation through neural lineages (Mohn et al., 2008). The histone 

mutation H3K27M is thought to alter the cell’s ability to modify H3K27 throughout the genome, but 

its specific mechanisms are unclear. Rheinbay et al. (2012) proposed that the substituted 

methionine could mimic a monomethylated lysine, rendering H3K27M to appear as H3K27me1, 

which is associated with active transcription (Ferrari et al., 2014). However, this mechanism has 

not been tested. Lewis et al. (2013) proposed that the K27M mutation acts by poisoning the 

enzyme EZH2, which is responsible for trimethylation at H3K27. They noted that H3K27M tumor 

cell lines show low overall H3K27me3, and found that ectopic expression of H3.3K27M in histone-

wildtype cells can produce the same effect. However, that study took a global view, and did not 

examine the K27 epigenome at the resolution of individual loci. Chan et al. (2013) performed 

ChIP-seq for H3K27me3 and EZH2, and reported that H3K27M tumor cell lines retain H3K27me3 

at a few loci, with concomitant repression of gene expression and colocalization of EZH2 at 

those loci. One such locus is CDKN2A (INK4A/ARF), which is prominently regulated by 

H3K27me3 (Bracken et al., 2007; Agger et al., 2009), and is deleted in histone-wildtype tumors 

but not histone-mutant tumors (Khuong-Quang et al., 2012; Paugh et al., 2013; Fontebasso et 
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al., 2014). Epigenetic repression of CDKN2A in histone mutant tumors correlates with a lack of 

p16 transcript (Chan et al., 2013) and protein (Hashizume et al., 2012). Therefore the effects of 

H3K27M mutation vary throughout the epigenome, and H3K27M may act not only by inhibiting 

EZH2 broadly but also by distributing it to specific loci. 

Despite the pleiotropic effects of H3 mutation, some of its effectors may be more 

important than others. A recent study using patient-derived xenografts suggests that H3K27M 

mutation may be overcome by inhibition of the H3K27 demethylase JMJD3 (Hashizume et al., 

2014). This result suggests that histone demethylation is necessary for tumorigenicity of H3K27M 

cells, and that the most important loci specifically deregulated in H3K27M are ones that should 

normally be repressed. Interestingly, OLIG2 is one such locus, being derepressed in a H3K27M 

patient tumor cell line (Chan et al., 2013) and essential for some glioma models (Ligon et al., 

2007; Suvà et al., 2014). We found (Chapters 3, 4) that most proliferative progenitors expressed 

Olig2 in both mouse and human postnatal pons, suggesting that pons OLPs and the rare Olig2+ 

astrocytes express a target of the histone mutation. 

A recent model of DIPG, using human ES-cell-derived xenografts, identified several 

genes upregulated by viral delivery of H3K27M, including LIN28, MEN1, PLAG1, and PLAGL1, 

which contributed to proliferation of H3K27M-transduced cells (Funato et al., 2014). Notably, Lin28 

colocalizes with Sox2 in developing neural tube (Balzer et al., 2010). Experiments in ES-derived 

neural progenitor cells have found that LIN28 is a transcriptional target of SOX2, and in fact 

mediates SOX2’s proliferative effects (Cimadamore et al., 2013). SOX2 is also a known target 

of K27 modifications, and certain cancers depend on its lack of H3K27 methylation (Kadoch and 

Crabtree, 2013; Siegle et al., 2014). It is thus conceivable that, if a H3K27M mutation were to 

occur in a Sox2+ OLP, it might promote maintenance of the highly proliferative Sox2+ “early 

OLP” state, perhaps through simultaneous epigenetic maintenance of Sox2 and Lin28. 

One of the properties of DIPG that renders it difficult to treat is its extensive spread. 

DIPG cells are highly migratory, as patient tumor xenografts infiltrate all the way to the ventral 

128



brainstem when introduced through the 4th ventricle (Monje et al., 2011). OLPs are also a highly 

migratory cell population, whose dispersal through the spinal cord in embryonic development is 

mediated by netrin-1 (Tsai et al., 2003). Interestingly, Di Meglio et al. (2013) found that deletion 

of Ezh2 in specific rhombomeres prevents precerebellar neurons from entering, due to repulsive 

cell-cell interactions governed by rhombomere-specific epigenetic derepression of netrin-1. This 

phenotype was partly extrinsic to the entering neurons, indicating that the developing basis 

pontis contains resident cells whose expression of netrin-1 is regulated epigenetically by 

trimethylation of H3K27 (Di Meglio et al., 2013). Thus, if H3K27M mutation in basis pontis OLPs 

were to epigenetically activate netrin-1 expression, it might facilitate the dispersal of K27M 

mutant OLPs through the CNS. 

Potential mechanisms of pontine gliomagenesis. The aspects of pontine development 

discussed above and in chapters 1, 3 and 4 lead me to hypothesize that DIPG may originate 

from OLPs in the prenatal or neonatal pons, mediated by one or more of the following 

mechanisms: 

• H3K27M in Sox2+Olig2+ early OLPs could block H3K27 deacetylation or trimethylation at the 

SOX2 locus, thereby maintaining OLPs in a self-renewing, SOX2+ state – perhaps through 

LIN28. Similarly, H3K27M could block epigenetic repression of Olig2, maintaining high Olig2 

levels characteristic of OLPs and blocking the downregulation often seen in OLs. 

• H3K27M in pons cells (whether OLPs or resident astrocytes) could upregulate netrin-1 and 

promote dispersal of OLP-like DIPG cells. 

• Mutation in p53 may block differentiation of pons OLPs to OLs (as shown for optic nerve 

OLPs by Billon et al., 2004). 

• PDGFRA-amplified pons OLPs may outcompete other OLPs in response to a normal 

neonatal surge in PDGF ligand expression. 
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• H3K27M in HOXB2-expressing, oligodendrogenic pons progenitors could block H3K27 

deacetylation or trimethylation at the HOXB cluster (or mimic H3K27me1 at that cluster), 

thus preserving HOXB2 expression, progenitor identity, and oligodendrogenesis. 

• H3K27M in cycling pons OLPs could block demethylation of the CDKN2A (INK4A/ARF) tumor 

suppressor locus, thereby preventing cell cycle inhibition by the p16 pathway. (This would 

obviate the need for deletion of CDKN2A, an event found in histone-wildtype but not K27M 

tumors.) 

Testing these hypotheses may involve three experimental components: 1) specific 

targeting of a known progenitor population; 2) transduction of mutations into those progenitors 

to produce a glioma, and 3) alteration of candidate effector genes in that model to verify 

molecular mechanisms. For part 1, early postnatal OLPs could be targeted using a Tva allele 

driven by the Sox10 promoter, and stereotaxic delivery of RCAS:Cre virus to progenitor cells in 

basis pontis, tegmentum, VZ, or midline domains. (This approach would be more OLP-specific 

than driving Tva by the Sox2 promoter, which would also target astrocytes; targeting basis 

pontis OLPs at P0-P4 would likely incur labeling of mostly the Sox2+ subpopulation.) For part 2 

(gliomagenesis), the following conditional mutations might be used: activation of PDGFRA (Zou 

et al., 2015); deletion of p53 (Marino et al., 2000); and heterozygous knock-in of H3.3K27M. The 

latter could be achieved through a conditional allele of Cas9 (Platt et al., 2014) and viral delivery 

of guide RNAs for site-specific recombination.  If these mutations should prove insufficient to 

generate tumors when targeting early postnatal OLPs, then embryonic progenitors could be 

targeted by a split-Cre or split-CreER approach (Hirrlinger et al., 2009a & 2009b), with the N-

terminal fragment driven by one promoter with segment specificity (e.g. HoxB1) and the C-

terminal fragment driven by a progenitor-specific promoter (e.g. NG2 for OLPs, or FoxA2 for the 

midline). For part 3 (mechanistic studies), the roles of the various developmental factors 

mediating DIPG – Hox, Sox2, Olig2, etc. – could be tested by further conditional mutations, or 

by in vitro modification and transplantation. 
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In summary, my studies have defined the extensive postnatal growth of the pons, and 

identified the postnatal postnatal progenitor cell populations that shape the pons through 

childhood in both mice and humans. I have identified the basis pontis as the most proliferative 

region of the postnatal brainstem, identified a new stage of oligodendrocyte precursor 

development, and shown that early postnatal Sox2+ progenitors generate nearly all of the 

oligodendrocytes of the adult mouse brain, contributing to a 10-to-18-fold increase in 

oligodendroglia. These results suggest that postnatal progenitor cells may facilitate the 

acquisition of key developmental milestones in motor coordination and other crucial functions of 

the pons. Together with the known correlation between progenitor cell proliferation and 

oncogenesis, this work also suggests that early postnatal Sox2+Olig2+ OLPs may serve as cells 

of origin in lethal pontine gliomas when developmental processes such as those discussed 

above are disrupted. It is my hope that this work may, in addition to providing a foundation for 

future advances in our understanding of pontine development, help researchers design 

developmentally faithful models of DIPG, which may in turn lead to improved treatments and 

outcomes for children and their families. 
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Proliferative Astrocytes
Specific markers: ALDH1L1:GFP, BLBP 
Nonspecific: Vimentin, Nestin, Sox2
Rare and nonspecific: Olig2

VZ Radial Glial-Like Progenitors
Specific markers: GFAP
Nonspecific: Vimentin, Nestin, Sox2

Midline Progenitors
Markers: Vimentin, Nestin;
may contact GFAP

Oligodendrocyte Precursors (OLPs)
Specific markers: Sox10, NG2:DsRed
Nonspecific: Olig2, Sox2
Rare and nonspecific: Vimentin, Nestin
    (through P4)

Figure 1. Anatomic domains of pontine progenitor populations and their progeny. 
Domain (1) is the 4th ventricle VZ; domain (2) is the midline; domain (3) is the
parenchyma. Full legend can be found on the following page.
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Figure 1. Anatomic domains of pontine progenitor populations and their progeny.
The left half of this cartoon shows the progenitor cell populations of the postnatal pons; 
the right half indicates their cellular progeny. There are three main anatomical domains 
of postnatal progenitor cells: VZ (1), midline (2), and parenchyma (3). The VZ and 
midline domains contribute some oligodendroglia and astrocytes to postnatal pons 
parenchyma, but these contributions are local and limited in number; most postnatal 
cell addition is parenchymal. OLPs are the predominant proliferative progenitor, but 
there are some postnatal proliferative astrocytes. The postnatal basis pontis is more 
proliferative than the tegmentum, and is in fact the most proliferative region of the 
postnatal brainstem.
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Figure 2. Timing of pontine progenitor proliferation and myelination.
Legend can be found on the following page.
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Figure 2. Timing of parenchymal progenitor proliferation and myelination.
Top, the postnatal time-course of proliferation among parenchymal astrocytes 
(green areas) and OLPs (pink areas), in tegmentum and basis pontis. Bottom, 
MBP-stained pons sections from ages corresponding to the above graph.
OLPs proliferate more than astrocytes, and also continue proliferating to a later 
age than astrocytes. In fact, a low level of OLP proliferation is present through 
adulthood. Note the correspondence between the age when myelin appears and 
the age when OLP proliferation begins to decrease. We found that these ages 
also correspond to the appearance of Sox2– “Late” OLPs. Note also the sus-
tained proliferation in basis pontis among both astrocytes and OLPs, correlated 
with the later onset of myelination in basis pontis than in tegmentum. Thus the 
basis pontis is a later-maturing structure than the tegmentum, devoting its early 
postnatal period instead to proliferation.

In addition to the maturation of OLPs through a Sox2– stage coincident with 
myelination, parenchymal astrocytes undergo a maturation coincident with the 
end of their proliferation, in which expression of the early markers BLBP, vimen-
tin, and nestin decrease, and expression of GFAP and Gli1 increase.

Proliferation data and relevant statistics can be found in Ch. 4 Fig. 5. Myelin 
studies are from Ch. 4 Fig. 2. Scale bar for myelination figure = 1 mm.
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Figure 3. Timing of growth, proliferation, and myelination in the postnatal devel-
opment of human and mouse pons. Legend is on the following page.
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Figure 3. Timing of growth, proliferation, and myelination in the postnatal devel-
opment of human and mouse pons.

These graphs show the postnatal time-course of proliferation (dashed lines; left axis) 
and volume (solid lines; right axis) of basis pontis (magenta) and tegmentum (blue), in 
postnatal human (top graph) and mouse (bottom graph). Also shown (bottom) are 
high-resolution images of MBP immunohistochemistry in human (DAB chromogenic 
IHC) and mouse (Alexa Fluor). 

In both human and mouse pons, the basis pontis shows greater proliferation and a 
proportionally greater increase in size than the tegmentum. Growth is most rapid 
during the peak phase of proliferation, and myelination increases as proliferation 
declines.

In human pons, proliferation is greatest at birth, declines ten-fold by 2 months, and 
declines another ten-fold by 1.5 years. Analysis of samples aged 1.5 years and older 
(maximum 13.5 years) showed near-zero levels of proliferation. However, despite this 
scarcity of proliferation, the pons undergoes sustained growth at a slower rate up to 5 
years, possibly due to increases in cell size (for example, by myelination) and/or 
extracellular material. 

In mouse pons, proliferation is greatest at P4, declines tenfold by P24, and continues 
at a declining rate to adulthood. Growth is most rapid from P0-P4 . While pons region 
size at P24 and P64 were not significantly different from one another, there may be a 
slow, non-zero rate of growth during that period of very low proliferation.

Myelination is visible in full-term human basis pontis, and in the mouse basis pontis 
as early as postnatal days 8-10. The comparison of P8 mouse to full-term human is 
reinforced by the fact that proliferation declines from those ages onward. Interestingly, 
the peak of postnatal proliferation in mice occurs at P4, prior to any myelination in 
basis pontis, which suggests that the human pons may see its greatest progenitor cell 
activity during gestation.

Scales are linear. Volume is normalized to the volume at birth (1x); proliferation is 
normalized to the peak proliferation density in basis pontis  (100%). Growth data and 
relevant statistics can be found in Ch. 3 Fig. 2 (human) and Ch. 4 Fig. 1 (mouse). 
Proliferation data and relevant statistics can be found in Ch. 3 Fig. 4 (human) and Ch. 
4 Fig. 3 (mouse). Myelin studies can be found in Ch. 3 Fig. 3 (human) and Ch. 4 Fig. 
2 (mouse). Scale bars = 50 µm.
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