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Abstract 

Hydrocephalus is a common neurological condition characterized by altered 

cerebrospinal fluid (CSF) flow that results in ventricular expansion due to an accumulation of 

CSF inside the cranial vault.  It is the second most frequent congenital neurologic malformation, 

but it can manifest at any age, as it is associated with multiple acquired etiologies related to CSF 

blockage or impaired CSF absorbance. The type and severity of brain damage is dependent on 

the age of onset, the rate of ventricular enlargement, the magnitude of ventriculomegaly, and 

how near the impaired brain structure(s) is/are to the cerebral ventricles. 

The purpose of this thesis was to gain an understanding of potential pharmacological 

therapies for treating pediatric hydrocephalus that are aimed to supplement commonly used 

surgical procedures, such as ventricular shunting and endoscopic third ventriculostomy (ETV).  

In this endeavour, we experimentally induced hydrocephalus by injection of kaolin (aluminum 

silicate) into the cisterna magna of juvenile rats at 3 weeks age and ferrets at 2 weeks age to 

mimic the human condition in infants and children.  Prior to drug testing, we characterized the 

ferret model of hydrocephalus and examined the behavioural, brain structural, cellular, and 

neurobiochemical changes associated with the condition.  From there, we treated hydrocephalic 

rats for 2 weeks with a combination of antioxidant agents, including α-tocopherol, L-ascorbic 

acid, coenzyme Q10 (CoQ10), reduced glutathione, and reduced lipoic acid to determine if they 

showed any improvements compared to sham-treated hydrocephalic rats.  Afterwards, we used 

MgSO4 to treat hydrocephalic ferrets for 2 weeks and compared their outcome to sham-treated 

hydrocephalic ferrets.  In both experiments, the pharmacological therapies did not show any 

significant biochemical and neurological benefits, nor did the animals improve behaviourally 

compared to sham-treated animals.  Overall, it is suggested that therapeutic benefits were not 
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observed in these studies potentially because ventriculomegaly was not severe enough, the route 

and/or timing of treatment was not maximally effective, or these treatments should be 

supplemented with surgical interventions to determine their potential synergistic effects, which 

would be expected to be implemented in the clinical setting.  In conclusion, surgical procedures 

for treating hydrocephalus are rife with complications, which adds to its morbidity and mortality, 

so it is important to investigate new therapeutic avenues to effectively treat and hopefully cure 

hydrocephalus one day.      
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CHAPTER I. LITERATURE REVIEW 

 

I.1. NERVOUS SYSTEM DEVELOPMENT 

The central nervous system (CNS) is composed of the brain and spinal cord.  In human 

development, this extremely complex system formulates dynamically and adaptively over years, 

even decades. At its peak in early adulthood, the fully developed human brain weighs 

approximately 1400 g (Dekaban & Sadowsky, 1978) and contains several hundred billion of 

cells, including over 100 billion neurons (Pakkenberg & Gundersen, 1997). Due to the 

complexity and fundamental need of the CNS for proper cognitive, emotional, and sensorimotor 

functioning, neurodevelopment begins early on during embryonic development. In humans, the 

embryonic period commences at the time of conception and continues until the end of gestational 

week 8 (GW8).  By the end of this period, the basic structure of the brain has formed with 

distinct regions that will eventually develop into major divisions of the CNS and peripheral 

nervous system. In its earliest stages, the CNS forms as a hollow tube, yet even when fully 

developed, it maintains this relative shape.  Through maturation, portions of this tube elongate, 

pockets and folds develop, and tissue surrounding the tube thickens until the brain and spinal 

cord reach their final form.  During the early fetal period, which begins at the end of GW8 and 

continues until about midgestation during the second trimester, the neocortex develops with 

extensive neural cell proliferation, migration, and anatomical, effective, and functional 

connectivity taking place (Rakic, 1988).  Neural development continues into the late fetal period, 

where glial cell development commences and extends to postnatal development (Stiles & 

Jernigan, 2010).  During these later periods, cell differentiation, synaptogenesis, and further 

restricted neurogenesis in the dentate gyrus of the hippocampus and subventricular zone (SVZ) 
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occur, with refinement and maturation of neural connectivity taking place over many years.  

Through various genetic and molecular signals, the CNS forms in very systematic, yet dynamic, 

fashion.           

       

I.1.1. Embryonic Period – Gastrulation  

Human nervous system development commences during GW3 at approximately the 16-

18
th

 day (E16 – E18) following conception (Bayer et al., 1993; Stiles & Jernigan, 2010).  This 

occurs through a fundamental set of processes called gastrulation, where the developing embryo 

transforms from a two-layered structure into a three-layered structure. This critical change leads 

to the formation of different cell lineages that are essential for the development of not only the 

CNS, but also all other systems that will exist in the developing embryo.  Neural stem cells are 

responsible for CNS development, and they are included among the different stem cell lines, 

which are derived from a subset of epiblast cells of the primitive two-layered structure.  This 

subset of epiblast cells migrates toward the rostral aspect of the embryo and will eventually form 

the head of the fetus. Since neural stem cells can differentiate into all different cell types found in 

the brain and spinal cord, they are typically referred to as neural progenitor cells, and their 

emergence signals the commencement of neural development.     

 

The developing embryo has three major divisions, the endoderm, the mesoderm, and the 

ectoderm.  These divisions will form all the major structures of the embryo (Stiles & Jernigan, 

2010).  Focusing on CNS development, the ectoderm is the outer layer, and it subdivides into 

two stem cell layers known as the epidermal ectoderm and the neuroectoderm.  As the name 

suggests, the neuroectodermal stem cells are the neural progenitors cells integral for 
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neurodevelopment because they will form into the CNS structures.  For this to occur, the layer of 

the epiblast cells associated with CNS development must differentiate into neural progenitor 

cells, which require several cascades of molecular signaling involving different genes/proteins 

produced by various types of embryonic cells.  Some of the factors/molecules implicated in this 

molecular signaling process include Sox2, fibroblast growth factors (including FGF2 & FGF8), 

noggin, chordin, Goosecoid, follistatin, and HNF-3β (Sadler, 2012; Vallier et al., 2009).  The 

induction of some of these signaling cascades (particularly FGF signaling) coincides with 

migration of a subset of epiblast cells towards the rostral-caudal midline, which are sent by cells 

from a structure known as the primitive node that is found at the rostral tip of the primitive streak 

(Stiles & Jernigan, 2010).  It is these epiblast cells that will differentiate into the neural 

progenitor cells.     

 

The primitive node is referred to as a molecular signaling center (Stiles & Jernigan, 

2010).  Thus, it is not only critical for sending complex genetic signals that induce differentiation 

of certain epiblast cells into neural progenitor cells, but it is also essential for sending signals that 

are required for rostral-caudal (top to bottom) organization of the CNS structures within the 

developing embryo.  The earliest migrating cells will travel to the most rostral portion of the 

embryo, while later migrating cells will travel to slightly more caudal regions of the embryo.  

These waves of migrating neural progenitor cells will receive a second set of molecular signals 

from the primitive node to induce differentiation into specific regions of the CNS.  These signals 

include noggin, chordin, and follistatin for forebrain and midbrain tissues, and FGF, WNT3a, 

and retinoic acid (RA) for hindbrain and spinal cord tissues (Sadler, 2012). The early migrating 

cells will receive signals that will induce them to produce molecular signals essential for the 
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most rostral neural progenitor cells to differentiate into forebrain structures, while the later 

migrating cells will produce signals that induce the more caudal neural progenitor cells to be 

capable of differentiating into hindbrain or spinal cord structures.  Thus, by the end of 

gastrulation, early CNS development has begun with the differentiation of upper epiblast cells 

into neural progenitor cells, which will migrate towards the most rostral end of the embryo and 

be organized into successive rostral to caudal waves of cells capable of forming into the major 

brain and spinal cord structures. 

 

I.1.2. Embryonic Period – Neurulation  

The next major process in CNS development after gastrulation is neurulation, which 

involves the formation of the neural tube from the neural plate. The formation of the neural tube 

occurs during GW3 and GW4 from approximately E20 – E27 (Stiles & Jernigan, 2010).  This 

commences when a region of the ectoderm, i.e., the neuroectoderm, in the upper epiblast layer of 

the embryo, which is composed of proliferating neural progenitor cells, thickens and forms the 

neural plate.  Bone morphogenetic protein 4 (BMP-4) expression in the ectoderm is associated 

with the epidermal layer that will develop into the epidermis (Aberdam et al., 2007; Tadau & 

Horsley, 2013), while inhibitory signals, like noggin, chordin, and follistatin, along with FGF 

and PAX3 (Sadler, 2012; Vallier et al., 2009) are associated with the neuroectodermal cells of the 

anterior and posterior neural plate cells, respectively.  By the end of GW3 around the 21
st
 day 

post conception (E21), the edges of the neural plate form ridges, referred to as neural folds, with 

neural progenitor cells located between the folds. During the next few days, the neural folds curl 

toward each other becoming the neural groove within the neural plate, with the neural folds 

developing along the longitudinal plane, running in a rostral-caudal direction. The neural folds 



 5 

continue to curve inward until they contact each other and then fuse together, forming a hollow 

tube known as the neural tube (Copp et al., 2003). However, unlike the rostral to caudal 

migration pattern of the neural progenitor cells, neural tube fusion begins at the center and 

continues to close longitudinally towards the rostral and caudal ends (Stiles & Jernigan, 2010).  

These ends are referred to as the anterior and posterior neuropores, and neural tube fusion is 

completed in these opposing regions by E25 and E27, respectively.  It is the closure of the neural 

tube, which develops from neuroectodermal tissue during this early point in embryonic 

development, that serves as the origin of the various CNS structures.  Meanwhile, the top of the 

ridges forms the neural crest, which separates from the neural tube and eventually develops into 

the ganglia of the autonomic nervous system, dorsal root ganglia, cranial nerve ganglia, adrenal 

medulla, and other tissues (Gammill & Bronner-Fraser, 2003; Sadler, 2012).   

 

I.1.3. Embryonic Period – Encephalization and Symmetrical Division 

By the end of GW4 around E28, the neural tube is closed, and its rostral end has 

developed three interconnected chambers.  These chambers will become ventricles, and the 

tissue that surrounds them becomes three major regions of the brain in a process known as 

encephalization (Sadler, 2012; Stiles & Jernigan, 2010).  These regions include the forebrain 

(prosencephalon), the midbrain (mesencephalon), and the hindbrain (rhombencephalon), which 

are evident by E28.  Within the closed neural tube, there is a population of pluripotent neural 

progenitor cells located in the center. These progenitor stem cells proliferate, migrate, and 

differentiate to give rise to the cells of the CNS.  This layer of neural progenitors is referred to as 

the ventricular zone (VZ), as it is located where the ventricular system will develop.  During the 

first phase of neural development, a process called symmetrical division occurs, which spans 
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between approximately E25 – E42 lasting until about GW7 (Rakic, 1995; Stiles & Jernigan, 

2010).  During this process, progenitor cells found in the VZ, which is located around the outside 

of the wall of the neural tube, begin to proliferate, forming new progenitor cells.  As proliferation 

occurs, the VZ thickens and increases in size.  Early migration also begins to occur beyond the 

VZ, and this gives rise to the surrounding layer of progenitor cells referred to as the 

subventricular zone (SVZ).  These regions are collectively known as the germinal matrix, which 

is made up of proliferating progenitor cells that increase the size of both the VZ and SVZ and the 

pool of progenitors available for differentiation into mature neural cell populations.  The neural 

progenitors will proliferate considerably to give rise to the major brain regions and spinal cord of 

the CNS in the same rostral-caudal manner.  It is during the second month of embryonic 

development following neurulation, i.e., during GW4 – GW8, that the embryo will experience 

extensive growth and further division of major brain regions.  In terms of size, the embryo is 

approximately 3 – 5 mm long by the end of GW4 and increases to between 27 – 31 mm by the 

end of GW8 (Stiles & Jernigan, 2010).   

 

During this period of significant enlargement, the rostral chamber, which is within the 

forebrain, divides into three separate segments, which eventually become the two lateral 

ventricles and the third ventricle.  The brain regions surrounding the lateral ventricles form the 

telencephalon, whereas the region around the third ventricle forms the diencephalon. The 

chamber inside the midbrain, or mesencephalon, becomes narrow, forming the cerebral 

aqueduct. Two structures develop in the hindbrain, which are the metencephalon and the 

myelencephalon.  The metencephalon is develops into the pons and cerebellum, whereas the 

myelencephalon is composed of the medulla oblongata.  These regions of the hindbrain surround 
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the fourth ventricle, which expands caudally from the narrow cerebral aqueduct. Molecular 

signals associated with forming these major regions of the brain include homeobox genes (HOX 

genes), LIM1, OTX2, EMX1, EMX2, FGF8, FOXG1, engrailed 1 and 2 (EN1 and EN2), WNT1, 

sonic hedgehog (SHH), and NKX2.1 expressed in the notochord, prechordal plate, and/or neural 

plate (Sadler, 2012).  Some of these genes are associated globally with hindbrain formation, like 

HOX genes, or forebrain and midbrain formation, such as SHH, LIM1, and OTX2, whereas 

others regulate particular regional specification, such as EN2 in cerebellar development and 

NKX2.1 for hypothalamic development.  Thus, by the end of the embryonic period, the 

ventricular system and five major subdivisions of the CNS have formed including some regional 

specification, which are organized in a rostral-caudal manner (Stiles, 2008).    

 

I.1.4. Early Fetal Period – Asymmetrical Division 

During the late embryonic period beginning at approximately GW7 or E42, the 

proliferative symmetrical division phase of brain development ends and transitions into the 

asymmetrical division period (Wodarz & Huttner, 2003).  In this phase, proliferation and 

migration of neural progenitor cells continue, but now differentiation of progenitor cells into 

specific brain cells also commences.  Thus, they will continue to divide and form more mitotic 

progenitor cells, but during this division, the other cell produced will be a post-mitotic type of 

brain cell.  The first type of brain cells produced during asymmetrical division are radial glia.  

The cell bodies of the radial glial cells remain in the VZ and SVZ close to the walls of the neural 

tube, but they each have a basal process that stretches outward with an ending that attaches to the 

inner meningeal layer, the pia mater, which will eventually surround the cerebral cortex (Miyata 

et al., 2001).  These extended radial glial basal processes grow longer and stay attached to the pia 
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mater as the brain develops and the cerebral cortex thickens.  Neuron production follows shortly 

after radial glia commencing around E42, where cell divisions will form one neural progenitor 

and one post-mitotic neuron that will leave the proliferative zone and no longer divide. Initially, 

only a small proportion of progenitors will produce differentiated, post-mitotic neurons during 

divisions.  By the end of this proliferative period around E108, which is referred to as cortical 

neurogenesis, there is a large shift in this proportion (Clancy et al., 2001).  Asymmetrical 

division persists for about 2 – 3 months, and during this process, approximately 100 billion 

neurons are produced (Bayer et al., 1993; Rakic, 1995) and most migrate along the radial glial 

basal processes to form the cerebral cortex (Nadarajah & Parnavelas, 2002).  This translates to 

about one billion neurons migrating daily during the period, with neurons travelling initially 

short distances and then longer distances over the course of the 3 months.   

 

I.1.5. Ventricle Development and CSF Production 

With the formation of the ventricular cavities during the embryonic period, cerebrospinal 

fluid (CSF) production follows shortly thereafter to eventually form a functioning ventricular 

system with continual CSF production and circulation.  CSF is manufactured primarily by the 

cells of the choroid plexus within the ventricles. This commences when the choroid plexus is 

formed in the primitive lumen of the ventricles, which occurs between E41 – E44 in the fourth 

ventricle, E44 in the lateral ventricles, and E57 in the third ventricle (Catala, 2004). Blood 

vessels from the brain surfaces penetrate the ventricles and the ependymal cells, which line the 

ventricles, further differentiate into choroid plexus epithelial cells. By GW8, the roof of the 

fourth ventricle opens (Weed, 1916), and the primitive formation of the leptomeninges also 

occurs, with the arachnoid mater forming by GW12 (Lemire et al., 1975; Osaka et al., 1980).  
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Extensive ventricular and ganglionic eminences (GE)/basal ganglia formation progresses during 

the second trimester between GW13 – GW21 (Huang et al., 2009), where the ventricular system 

resembles that found in the adult CNS (Figure I.1). Maturation of CSF dynamics commences 

during this time as well and has been described to occur in 5 stages (Oi & Di Rocco, 2006), 

where the first stage involves choroid plexus and subarachnoid space formation that lasts until 

about GW22.  Stage 2 occurs between GW23 – GW32, where the 3 layers of the meninges are 

organized.  Stage 3 involves the functional maturation of the choroid plexus, which takes place 

between GW33 – GW40.  This is followed by stage 4 that occurs between birth and 4 weeks 

postnatal, where CSF production progresses towards adult levels of about 500 mL per day (Oi et 

al., 2009).  Lastly, the fifth stage occurs between postnatal weeks 5 – 50, where maturation of the 

superior sagittal sinus and arachnoid villi/granulations (Pacchionian body) take place and 

becomes the major reabsorption site of CSF from infancy onward (Oi, 2004). Some CSF 

absorption occurs by passive flow along cranial and spinal nerves into connective tissue 

lymphatics adjacent to the nerves; the proportion of CSF absorbed through this route varies 

across species and physiological conditions (Johnston et al., 2004).  

 

I.1.6. Neural Patterning 

Another process that commences during the embryonic period and extends over a 

protracted period of time postnatally in humans is neural patterning.  As indicated, the main 

subdivisions of the brain are delineated and organized along the rostral-caudal axis by the end of 

GW8.  Within these subdivisions, differentiation and some of the primitive neural patterning has 

already taken place.  These regions include the midbrain and diencephalon (Kiecker & Lumsden, 

2004; Nakamura et al., 2005), as well as the spinal column and hindbrain (Gavalas et al., 2003; 
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Lumsden & Keynes, 1989).  The most well-defined neural patterning occurs in the neocortex 

during the embryonic period and continues into the fetal period.  The initial patterning is 

primarily associated with two transcription factors, Emx2 and Pax6, which are expressed in 

different locations within the neocortex (Bishop et al., 2002). This study confirmed their 

previous work (Bishop et al., 2000) and found that although Emx2 is closely related to another 

homeodomain transcription factor, Emx1, only Emx2 and Pax6 are shown to genetically regulate 

neocortical arealization of cortical cells in opposing manners, where Emx2 is expressed by 

progenitor cells in the embryonic neocortex in a low rostrolateral to high caudomedial gradient 

while Pax6 is expressed in high rostrolateral to low caudomedial regions.  The corresponding 

levels of these transcription factors are also important for regulating region specific neural cell 

types, where high concentrations of Emx2 with low levels of Pax6 induces progenitors that will 

differentiate into neurons for the primary visual cortex (V1), high levels of Pax6 with low levels 

of Emx2 induces differentiation of progenitors into primary motor cortex (M1) neurons, and 

moderate concentrations of both factors will produce primary somatosensory cortex (S1) 

neurons.  More recent studies have demonstrated the role of other molecules in regulating neural 

patterning in the neocortex, including transcription factors Coup-TF1 and SP8. Interestingly, 

gene expression of Coup-TF1 and SP8 are opposite to Emx1 and Pax6 with the former showing 

the high caudolateral and rostromedial concentrations, respectively, in association with 

sensorimotor organization of the neocortex (O’Leary & Sahara, 2008; Sansom & Livesey, 2009).  

As indicated, these molecular signals emerge as important transcription factors for neural 

patterning during embryonic development, but the processes of neural differentiation and cell 

type specification will occur primarily during the fetal and postnatal periods.     
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I.1.7. Corticogenesis, Cell Migration, and Cell Differentiation 

Rakic (1995) has examined the similarities in development of various regions of the 

brain, including the cerebral cortex, for which the most information is known.  Relative to body 

size, the cerebral cortex is larger in humans than in any other species.  The mature cortex is 

composed of six neuronal layers that develop from the inside out (Cooper, 2008), where the first 

layer formed is the deepest layer (i.e., layer 6), and the next waves of newborn cells migrate 

outward along the radial glial processes to form the most superficial layer (i.e., layer 1) last 

(Figure I.2).  The migration path of the neurons forming the deepest layer is known as somal 

translocation mode of radial movement, and it only lasts approximately one – two days 

(Nadarajah & Parnavelas, 2002).  Meanwhile, the most superficial layers take about one – two 

weeks for the neurons to migrate via long “radial glial guides” to their appropriate destination via 

a mode called glia-guided locomotion (Rakic, 1972; Nadarajah & Parnavelas, 2002; Stiles & 

Jernigan, 2010).  For glia-guided locomotion, the extended basal process of the radial glia 

provides a cellular scaffold that the newly formed neurons can attach to for migrating outward 

from the VZ.  These neurons are the excitatory pyramidal neurons of the neocortex, which 

contain glutamate, and they are generated early in human fetal development between GW8 – 

GW10 (Nadarajah & Parnavelas, 2002; Stiles & Jernigan, 2010).     

 

There is also a third mode of migration referred to as tangential migration used by 

inhibitory cortical interneurons containing primarily gamma-aminobutyric acid (GABA), which 

occurs much later during fetal development with most neurons being generated between GW20-

32 (Anderson et al., 1997; 2001; Parnavelas et al., 2000; Stiles & Jernigan, 2010; Zecevic et al., 
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2011).  These inhibitory GABAergic interneurons are derived from the ventral telencephalon, 

which is divided into the caudal, lateral, and medial GE that will eventually become the basal 

ganglia (Anderson et al., 1997; Corbin et al., 2001; Marin et al., 2001; Marin & Rubenstein, 

2001; Nadarajah & Parnavelas, 2002). While somal translocation and glial guidance involve 

excitatory, glutamatergic neurons migrating radially from the VZ, the cortical GABAergic 

interneurons travel longer distances tangentially/transversely along the contour of the cortical 

mantle.  Additionally, there are differences in the signaling pathways and guidance molecules 

associated with or that regulate these three modes of migration to form the cerebral cortex 

(Huang, 2009; Valiente & Marin, 2010).  For somal translocation, some molecules implicated 

include Reelin, Notch, and FGF signaling, as well as G proteins, Gα12 and 13 (Cooper, 2008; 

Hashimoto-Torii et al., 2008; Huang, 2009; Nadarajah et al., 2001). For glia-guided locomotion, 

they may include Cdk5, Lis1, doublecortin, dynein-associated proteins, n-cofilin, centrosomal 

proteins, myosin, integrins, and gap junction proteins, such as connexins 26 and 43 (Cooper, 

2008; Elias et al., 2007; Huang, 2009; Nadarajah et al., 2001).  Lastly, for tangential migration, 

various motogenic chemoattractants and chemorepulsants have been identified including 

Sema3A and 3F, SLIT1, Neuregulin-1, HGF, BDNF, NT-4, GDNF and Cxcl12, as well as 

homeobox genes Dlx1 and 2 (Cobos et al., 2007; Flames et al., 2004; Huang, 2009; Li et al., 

2008a; Marin et al., 2001; Polleux et al., 2002; Powell et al., 2003; Zhu et al., 1999).               

 

The three modes of neural migration lead to the formation of the structured six-layered 

cerebral cortex in an inside-out fashion.  Early on during migration, the first wave of migrating 

neurons does not follow this pattern.  Instead, they extend superficially beyond a developmental 

layer known as the intermediate zone (IZ) to form the transient preplate (PP) when leaving the 
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proliferative VZ (Kawauchi & Hoshino, 2008; Stiles, 2008).  The second wave of neurons 

traveling away from the proliferative germinal zone will divide the PP into two regions, the 

marginal zone (MZ) and the subplate (SP), which are most superficial and deepest layers, 

respectively, during neural migration.  The MZ is also referred to as the Cajal-Retzius (CR) layer 

because it possesses CR cells, which regulate the inside-out migrational positioning of the 

subsequent wave of neurons (Gaiano, 2008; Cooper, 2008).  Although not limited to the CR 

layer, Reelin is highly expressed in the CR cells and plays a critical role in neocortical neuronal 

positioning (Cooper, 2008; Huang, 2009; Valiente & Marin, 2010).  It is between these two 

transient cortical layers that the inside-out pattern of migration occurs, where migrating neurons 

will travel past the SP and stop before the MZ forming a new developmental neocortical region 

known as the cortical plate (CP). In the CP, the first set of neurons to reach their destination will 

form layer 6 of the cerebral cortex, followed by layer 5 neurons, and onward to form each 

subsequently superficial layer.  In the mature cerebral cortex, six layers are derived from the CP, 

whereas the MZ and SP essentially disappear by the late fetal period, and the IZ becomes the 

white matter layer deep to layer 6 of the mature cortex (Figure I.2) (Stiles, 2008).     

 

In the developing CNS, neural cell lineages lead to the eventual formation of different 

brain cells.  The early neural progenitor cells commence as multipotential stem cells that 

proliferate in the germinal zone.  Numerous cell signaling molecules/pathways regulate the shift 

towards specific cell fates, where the progenitor cells differentiate into mature neural cell types.  

After several mitotic divisions, the pluripotent stem cells shift towards bipotential progenitor 

cells that have a neuronal lineage or glial lineage cell fate.  Neuronal lineage leads to the 

eventual differentiation into mature neurons, including motor neurons, sensory neurons, and 
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interneurons.  Meanwhile, glial lineage is associated with the eventual formation of type-1 and 

type-2 astrocytes, oligodendrocytes, radial glia cells, and ependymal cells.  Though it is still not 

certain how these cell fates are determined, some of the known genes/molecules include Shh, 

FGF2, Neurogenin-1 and -2, Olig1 and Olig2, Nkx2.1 and Nkx2.2, Sox9 and Sox10, and Notch 

(Finzsch et al., 2008; Kessaris et al., 2004; Li et al., 2011; Rakic & Zecevic, 2003; Takebayashi 

et al., 2002; Zhou et al., 2001).  In terms of neuron differentiation and specification in the 

neocortex, it is known that the different layers consist of separate types of neurons.  During 

corticogenesis, early neural progenitor cells are capable of becoming any type of neuron, 

whereas later progenitors are limited in their differentiation capacity.  Research studies by 

McConnell and colleagues (Desai & McConnell, 2000; Frantz & McConnell, 1996; McConnell 

& Kaznowski, 1991) verified this by transplanting progenitors from young donor animals into 

older host animals and then repeated the study with older donor animals having progenitors 

transplanted into young host animals.  There was a reversal in the outcomes of these studies, 

where progenitors taken from young donor animals had the capability to become the 

appropriately layered neurons in the host animals but older donor progenitors could not change 

their cell fate to become neurons of the deeper, older cortical layer, providing evidence for fate 

restriction during the later period of corticogenesis. 

 

I.1.8. Axonogenesis, Dendritogenesis, and Synaptogenesis 

Following corticogenesis and proper neural layering of different regions of the cortex, the 

neurons must now develop a means of communicating with each other forming neural networks. 

This will involve the formation of neuronal processes including axons and dendrites, as well as 

synapse formation.  Each neuron possesses a single axon, which is fundamental for sending 
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signals to other neurons and can extend short to long distances from the cell body or soma.  The 

same neuron can have numerous dendrites, depending on the type of cell, which typically do not 

extend far from the cell soma and receive the electrochemical signals sent from axons.  The ends 

of the axons contain a growth cone, which is the portion that will extend beyond the cell body 

(Brown et al., 2001).  For the axon to reach its final destination, the growth cones will 

communicate with guidance molecules that will either attract the axon toward a target or repel it 

away from the target.  Some of these attractant molecules include cadherins (Ranscht, 2000), 

netrin (Colon-Ramos et al., 2007), and semaphorins (Tran et al., 2007), while the repulsive 

molecules include connectin (Nose et al., 1994), netrin (Poon et al., 2008), and semaphorins 

(Tran et al., 2007). When the axons have reached their target neurons, the connections formed 

between neuronal processes produce synapses.  Synapse formation or synaptogenesis is integral 

to proper neural connections and communication between the cells, and it is within the synapses 

that electrochemical signals are transferred from the axons to the dendrites.  Synaptogenesis 

occurs during the fetal period and continues postnatally with some of the major neural pathways 

forming connections late in the second trimester and third trimester commencing around GW20, 

including the sensorimotor thalamocortical and corticothalamic relay pathways (Kostovic & 

Jovanov-Milosevic, 2006).   

     

Proliferation and differentiation of various neural cells are essential for brain 

development and specificity, and synaptogenesis is fundamental for neural connectivity.  

However, these processes produce an overabundance of brain cells and synapses, which leads to 

cell death and synaptic pruning.  It is these two regulatory processes that help ensure that 

efficient neural connectivity occurs.  Thus, a relatively large loss of neurons occurs in different 
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brain regions, which subsequently leads to synaptic pruning of numerous connections between 

neurons in these regions (Rabinowicz et al., 1996; Rakic & Zecevic, 2000; Stiles & Jernigan, 

2010).  Neuronal cell death occurs primarily prenatally during the fetal period, while substantial 

synapse formation and pruning take place postnatally.  In terms of cell death, after the mass 

production of neurons during neurogenesis and corticogenesis, regulated, cell-intrinsic apoptotic 

cell death of numerous neurons and neural progenitors occurs in all major regions of the brain 

(Rakic & Zecevic, 2000). There is some evidence to suggest that such cell death is important for 

proper gross brain structure and occurs as a means of correcting errors that may have taken place 

during cell proliferation and migrational stages of brain development (Buss & Oppenheim, 

2004).  Other research considers cell death to be systematic in depleting specific developmental 

brain regions, such as the SP, which are only meant to have a transient role during 

neurodevelopment (de la Rosa & de Pablo 2000; Yeo & Gautier 2004).  Despite the uncertainty 

of what drives programmed cell death, it is essential in forming the functional postnatal and adult 

brain.  Thus, there are various molecular signals within the neurons or progenitor cells that either 

activate or protect them from the intrinsic, caspase-dependent or –independent apoptotic cascade, 

including B-cell lymphoma protein 2 (Bcl-2) and Bcl2-related molecules, Aven, and 

neurotrophic factors (Elmore, 2007; Oppenheim, 1989).  These and other molecular signals, 

along with environmental factors, can impact the apoptotic cascade, which is aimed to ensure 

that only the productive neural connections are formed to lead to the most efficient brain 

functionality. 

 

 Synaptogenesis and synaptic pruning are also essential for producing effective neural 

circuitry. As indicated, synapse formation commences during the mid-to-late fetal period in 
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humans and other primates and continues for months and even decades in some brain regions.  

Studies have shown that the majority of synaptic connectivity occurs postnatally in both species, 

along with varied timescales of peak synapse production in different brain regions, particularly in 

the cerebral cortex of humans (Bourgeois & Rakic, 1993; Huttenlocher & Dabholkar, 1997).  

Though peak levels differ in specific brain regions, there tends to be a widespread massive 

increase in the number of synapses during the early postnatal period, which is approximately 

double the amount exhibited in the adult brain.  Similar to corticogenesis producing transient 

cortical layers during development, synaptic exuberance produces transient neural connections 

that eventually dissipate during synaptic pruning (Innocenti & Price, 2005).  Some synaptic 

pruning occurs during waves of synapse formation, but in most cases, pruning increases 

appreciably after the majority of synapses have been formed.  The timescale for pruning also 

tends to occur over months and years in different brain regions with declining synapse numbers 

reaching their adult levels during childhood and even adolescence.  Neurotrophic factors play a 

role in protecting neurons from apoptotic cell death during development, and they are also 

important for maintaining and selecting synaptic pathways that will remain during the pruning 

process (Stiles & Jernigan, 2010).  Another critical factor for maintaining synapses is afferent 

input between neurons.  Based on the Hebbian principle of coincidence-detection (Hebb, 1949), 

active communication between neurons can strengthen the synapse between the cells maintaining 

efficient neural connectivity, and this is the basis for the synaptic model of long-term 

potentiation in the hippocampus (Bliss & Collingridge, 1993).  Synaptic activity is integral 

during development because when axons are dynamically extending and retracting during axon 

guidance and synaptic target detection, neuronal connections will be fine-tuned to prune 

synapses that are less active and strengthen synapses that are more active (Tau & Peterson, 
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2010).  Although axon guidance and individual synapse formation are very quick processes in 

comparison to synaptic pruning occurring over minutes to hours (Hua & Smith, 2004; Stiles & 

Jernigan, 2010), active synaptic input is indicative of an essential pathway for neural circuitry, 

which will decipher which synapses should remain, and which should be pruned due to 

inactivity.                    

 

I.1.9. Gliogenesis 

In addition to neurogenesis and synaptogenesis producing a plethora of neurons and their 

connections during the fetal period, gliogenesis also commences following the initial waves of 

neural production.  Gliogenesis involves the proliferation of glial cells, including astrocytes, 

oligodendrocytes, ependymal cells, and microglia.  Astrocytes, oligodendrocytes, and ependymal 

cells are derived from neuroepithelial cells, where the former two are more specifically 

developed from glial restricted progenitor cells (Del Bigio, 2010b; Sadler, 2012).  Meanwhile, 

microglial cells develop from mesenchymal cells of blood vessels as the CNS becomes 

vascularized (Sadler, 2012). Ciliated ependymal cells are not present along the developing neural 

tube during the major proliferative period, but instead appear to form along the neural tube as the 

VZ involutes and radial glial cells regress and may be derived from either terminally 

differentiated daughter cells of proliferative VZ cells or terminally transformed post-mitotic 

radial glial cells (Del Bigio, 2010b; Spassky et al., 2005; Tramontin et al., 2003). The timing of 

the regression of the VZ and radial glial cells and formation of ciliated ependymal cells that line 

the cerebral ventricles and central canal of the spinal cord varies among species and regions of 

the CNS, but the ependymal lining appears to complete by about GW26 – GW28 in human 

fetuses (Del Bigio, 2010b).  In mice, the ventral anterior homeobox (Vax1) gene is essential for 
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ependymal cell differentiation and SVZ cell suppression (Soria et al., 2004), forebrain 

ependymal cells are developed from radial glial cells (Spassky et al., 2005), and spinal cord 

ependymal cells originate from ventral neuroepithelial cells that express Nkx6.1 (Fu et al., 

2003). 

 

Astrocytes are derived directly from glial precursor cells, whereas oligodendrocytes are 

derived secondarily from oligodendrocyte precursor cells (OPCs) from the neuroectoderm in the 

SVZ (Jakovcevski et al., 2009).  Astrocytes proliferate and differentiate before oligodendrocytes 

with a large percentage of mature astrocytes present before birth, whereas mature 

oligodendrocytes are present primarily after birth (Wiggins, 1982). OPCs are produced ventrally 

under influence of morphogen Shh in the GE commencing around GW9 in human fetuses and 

migrate at the progenitor stage to dorsal regions including the cortex over the next few 

gestational weeks (Jakovcevski et al., 2009).  Shh activates a cascade of transcription factors 

including Dlx2, Nkx2, Olig1, and Olig2 (Nery et al., 2001).  At mid-gestation, there are three 

OPC populations in the human fetal forebrain including 1) ventrally-derived OPCs expressing 

Dlx2 and Nkx2.1, 2) those migrating between GE and cortical SVZ expressing PDGFRα, NG2, 

and Olig1, and 3) dorsally-derived OPCs not expressing Dlx2 & Nkx2.1 (Rakic & Zecevic, 

2003).  In the perinatal period, most OPCs will differentiate into mature oligodendrocytes 

through a developmental lineage expressing different surface antigens at distinct time points, but 

there is a population of OPCs that remain undifferentiated in the cortical white matter (Jackman 

et al., 2009; Girolamo et al., 2011).  In addition, there are pools of OPCs and astroglial 

precursors that remain present in the SVZ into adulthood, along with neuronal stem cells, which 

are capable of later differentiating into mature neural cells, often in response to brain injury.     
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I.1.10. Myelination 

For the OPCs that become mature oligodendrocytes, the last major step in brain 

development is myelination.  In the CNS, oligodendrocytes are highly specialized cells that can 

ensheath 50-60 neuronal axon segments to generate extensive plasma membrane compacted to 

produce the myelin sheath (McTigue & Tripathi, 2008; Morrell & Norton, 1980).  Research 

performed in vitro on oligodendrocytes has shown that myelination must occur early post-

differentiation and that myelination occurs within a short 12 – 18 hour timeframe, where 

extended processes wrap around the various axonal segments simultaneously (Watkins et al., 

2008).  In regards to this, many species including humans tend to commence myelination 

postnatally, which would explain why most myelin-producing oligodendrocytes differentiate 

after birth as well.  In different species, the myelination time scale is very different with the 

human forebrain taking 2 to 3 decades (Yakovlev & Lecours, 1967).  In human infants, parts of 

frontal cortex start myelinating at approximately 3 months (Brody et al., 1987), and the majority 

of myelination occurs within the first two years of life (Wiggins, 1982).  Some CNS regions 

show myelination early in human development, such as the spinal cord, brainstem, and visual 

cortex (Yakovlev & Lecours, 1967; Gilles et al., 1983), whereas other regions take years to 

myelinate into adulthood, such as the prefrontal cortex and association fibers (Yakovlev & 

Lecours, 1967; Giedd, 2004).  

 

I.1.11. Comparative Brain Development 

Neurodevelopment in humans commences early during gestation in the embryonic period 

with structural development of the neural tube forming into the major segmentations of the brain 
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and spinal cord occurring by the end of the first month.  Alternately, major cellular processes, 

like cortical neurogenesis, gliogenesis, and myelination, take place over a protracted period of 

time, where myelination and synaptic pruning extend over decades in human neurodevelopment.  

Considering the complexity of the human CNS and the relative size of the human brain and 

different brain regions compared to other mammalian species, it is not surprising that some of the 

major neurodevelopmental processes occur over such an extended timeframe.  With this in mind, 

the gestational period in humans is about 270 – 280 days or 40 weeks, whereas the gestational 

period in mice is only about 18.5 days, 21.5 days in rats, and 41 days in ferrets (Clancy et al., 

2001).  Although gestation does not necessarily correspond to the relative neurodevelopmental 

period, the lissencephalic brains of mice and rats are smaller and thus mature faster than ferrets 

and humans, which both have gyrencephalic brains.  Even in ferrets, neurodevelopment occurs 

over a much shorter timeframe compared to humans, which is also associated with the relative 

brain size/volume between these two species.  It is also important to point out the maturation of 

various brain regions is not synchronous between humans and rodents, likely related to the time 

and size discrepancies between the species (Wiggins, 1982).  Despite this, comparative models 

of brain development have found high conservation in the order and relative timing of numerous 

neurodevelopmental events among different mammalian species.  By examining almost 100 

neurodevelopmental milestones related to the initial manifestation and maturation of various 

brain regions and neuronal structures, Finlay and colleagues (Clancy et al., 2001; Darlington et 

al., 1999) determined that the approximate cortical maturation of a human fetus at about 

gestational day 140 corresponds to postnatal day 4 in the mouse, postnatal day 5 in the rat, and 

postnatal day 14 in the ferret.  In addition, different brain growth rate curves have suggested that 

rats aged between P5 – P10 have developmentally comparable brains as a human infant at birth 
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(Davidson & Dobbing, 1966; Davidson & Gregson, 1962; Wiggins, 1982).  It is important to 

note though that rodents have lissencephalic brains, whereas humans and ferrets have 

gyrencephalic brains.  Unlike humans though, ferrets are born in a relatively immature state with 

lissencephalic brains like rodents that is equivalent to approximately GW24 in human fetuses, 

and most cortical development in the ferret occurs postnatally (Del Bigio, 2011; Jackson & 

Hickey, 1985).  Gyrification in humans commences around GW10 with the primary sulci 

emerging between GW10 – GW28, which is followed by secondary and tertiary sulci developing 

at varying times after this period along with extensive cortical volume increases occurring after 

GW24 (Bendersky et al., 2006; Dooling et al., 1983; Garel et al., 2003; Rajagopalan et al., 

2011).  Meanwhile, the majority of cortical folding and brain volume increases occur between 

P14 – P28 in ferrets (Neal et al., 2007; Smart & McSherry, 1986a;b).  Despite these differences 

between humans and ferrets, gyrification increases cortical and white matter volume in both 

species compared to rodents.  This important distinction suggests that ferrets are a more 

appropriate species to use as an experimental model of brain development and pathology.   

 

In terms of different cellular processes, cortical neurogenesis begins around GW5 in 

human embryos and continues at high levels until approximately GW23 in the SVZ.  There is a 

significant reduction in cell proliferation in the SVZ and IZ by GW28, which continues at low 

levels until early infancy (Del Bigio, 2011; Jakovcevski et al., 2009; 2011; Kendler & Golden, 

1996).  Cortical neurogenesis starts at approximately E10 in mice, and most of the cortical 

neurons are produced between E14 – E17 (Caviness et al., 1995; Jakovcevski et al., 2009).  In 

rats, neurogenesis commences as early as E8 in the spinal cord and around E10 in the cortex and 

various other brain regions, where it peaks around E14 and dissipates at approximately E18 – 
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E20 in most brain regions including the cortex and basal ganglia (Bayer, 1986; Bayer & Altman, 

1991; Götz & Huttner, 2005; Jacobson, 1991).  Meanwhile, ferrets begin cortical neurogenesis at 

around E20 that ends at about P2 in the somatosensory cortex (Noctor et al., 1997) and around 

P14 in the visual cortex (Jackson et al., 1989).  Gliogenesis commences around E11 or E12 in 

rodents with early glial precursors developing an astroglial lineage.  This increases dramatically 

from about E16 to the first few postnatal weeks with OPCs emerging around E15 and peaking at 

P14 in mice and oligodendrocytes appearing later around birth at P0 – P3 and onward (Bayer & 

Altman, 1991; Götz & Huttner, 2005; Jacobson, 1991; Jakovcevski et al., 2009; Wiggins, 1982; 

Yeh et al., 1993).  Gliogenesis begins postnatally in the visual cortex and cerebral walls of 

ferrets (Voigt, 1989) at around birth (P0) with a profusion of astrocytes and oligodendrocytes 

proliferating from the SVZ after P14 – P21 (Martínez-Cerdeño et al., 2012; Reillo & Borrell, 

2012).   

 

In terms of myelination, rats attain adult levels of axons in the corpus callosum by about 

P5, and the onset of myelin deposition occurs in intracortical fibers at approximately P10 – P14 

in rats.  In particular, callosal fibers start myelinating at P14 in frontal and parietal regions and 

P21 in temporal, occipital, and cingulate regions (Gravel et al., 1990; Jacobson, 1963).  The 

proportion of these axons that become myelinated increase steadily and reach peak levels by 

around P60 in rats where thalamic and intracortical regions are fully myelinated by P44 (Gravel 

et al., 1990; Jacobson, 1963; Wiggins, 1982). Meanwhile, primary myelination of mouse cortical 

and subcortical white matter is complete by about P20 (Quarles et al., 2006; Verity & 

Campagnoni, 1988).  Developmentally, a P5 rat corresponds to approximately a P14 ferret 

(Clancy et al., 2001), and corticothalamic axon development commences around E40 to P14 in 
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ferrets (Jackson et al., 1989).  Myelin deposition commences around P21 in the ferret corpus 

callosum and subcortical white matter but increases prominently after about P28 during postnatal 

weeks 5 and 6 (Barnette et al., 2009; Di Curzio et al., 2013).  Ferrets attain adult levels of 

cerebral myelination at around 6 months of age (Neal et al., 2007).  Human infants begin cortical 

myelination during postnatal month 3 (Brody et al., 1987; Wiggins, 1982), which is largely 

complete during the first two years of age.  However, it continues for decades in some white 

matter association fibers in the cortex (Yakovlev & Lecourse, 1967).   

 

Although these mammalian species tend to follow similar sequences of neurogenesis, 

gliogenesis, and myelination, rodents and ferrets achieve neurodevelopmental milestones in a 

much more abbreviated time span then humans.  Thus, these discrepancies highlight the 

importance of regional specificity for interspecies comparisons. Despite these differences, all of 

these species and other vertebrates experience neurodevelopmental growth that enables 

myelination of axons in different brain regions to permit rapid nerve conduction for efficient 

communication between neurons.  
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Figure I.1. Brain, ventricular, and ganglionic eminences (GE)/basal ganglia development during 

the second trimester of human gestation.  Whole brain development is depicted in gray, while the 

ventricles are shown in pink, the GE in red, the lentiform nucleus in cyan, the caudate nucleus in 

green, and the thalamus in yellow.  Image adapted from Huang et al. (2009). "Anatomical 

characterization of human fetal brain development with diffusion tensor magnetic resonance 

imaging.” J. Neuroscience, 29(13): 4263-4273, Figure 9a. 
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Figure I.2. Cortical layering during development and adult cerebral cortex.  CP – cortical plate; 

IZ – intermediate zone; MZ – marginal zone; SP – subplate; SZ – subventricular zone; VZ – 

ventricular zone; WM – white matter.  Image adapted from Stiles & Jernigan (2010). "The basics 

of brain development." Neuropsychol. Review, 20: 327-348, Figure 9b. 
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I.2. FETAL AND NEONATAL (PEDIATRIC) HYDROCEPHALUS 

Hydrocephalus is a neurological condition characterized by altered cerebrospinal fluid 

(CSF) flow leading to an accumulation of CSF inside the cranial vault (Del Bigio, 1993).  Rekate 

(2009) has defined it more specifically as an active process involving ventricular expansion due 

to inadequate flow of CSF anywhere along its path from being produced within the cerebral 

ventricles to its absorption from the CNS into systemic circulation. CSF is produced primarily by 

the cells of the choroid plexus located at the roof of the lateral, third, and fourth ventricles. It 

flows through the ventricular cavities from the lateral ventricles to the third ventricle through the 

intraventricular foramen (foramen of Monro) and then to the fourth ventricle via the cerebral 

aqueduct (aqueduct of Sylvius), and it finally leaves the fourth ventricle through the medial and 

lateral foramina (foramen of Magendie and Luschka) into the subarachnoid space that surrounds 

the brain and spinal cord. From there, CSF is absorbed a) through arachnoid villi/granulations 

(Pacchionian body) into the bloodstream via the venous drainage system mainly along the 

superior sagittal sinus, and b) along cranial and spinal nerve connective tissues that exit the brain 

stem and spinal cord into the adjacent lymphatic channels (Johnston et al., 2004).  CSF is 

continually being produced and circulating within the ventricular system and surrounds the brain 

and spinal cord, where it functions as a protective barrier to help prevent brain injury.  It also 

removes metabolic waste products from surrounding brain tissues, and it contains nutrients and 

proteins that are essential for maintaining normal homeostatic brain functioning. Thus, any 

disruption of its flow may be problematic.  Impaired flow dynamics is typically due to an 

obstruction of CSF movement within the brain ventricles, the cerebral aqueduct, apertures, 

subarachnoid space, and/or arachnoid granulations, or it can also be caused by overproduction of 

CSF from the choroid plexus, but this latter cause is rare (Del Bigio, 1993; 2001b).  
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I.2.1 Historical Discovery of Hydrocephalus 

Historically, hydrocephalus was first documented and treated by Hippocrates during the 

5
th

 century B.C. and Galen in the 2
nd

 century A.D. (Drake & Sainte-Rose, 1995).  Further 

diagnosis and treatment of the condition were explored during the Middle Ages (Al-Rodhan & 

Fox, 1986) and between the 16
th

 and 18
th

 century (Drake & Sainte-Rose, 1995; Milhorat, 1984) 

using a variety of medications and purgatives that were typically unsuccessful (McCulloch, 

1990). It was not until the mid-18
th

 century that it was first described as a disease by Whytt 

(1768), and then it was appropriately recognized to have different causes, as well as acute and 

chronic forms separately by West and Cheyne during the 19
th

 century (Milhorat, 1984; West, 

1848). As the 19
th

 century progressed, discoveries were made about the anatomy and physiology 

of the ventricular system and CSF by the likes of Magendie, Luschka, and Cushing (Lifshutz & 

Johnson, 2001; Milhorat, 1984).  During the early to mid-20
th

 century, numerous clinicians and 

researchers became more aware of the physiology of CSF dynamics and causes of hydrocephalus 

(Lifshutz & Johnson, 2001), which led to more specific delineation of the types of hydrocephalus 

that can manifest.    

 

I.2.2 Types of Pediatric Hydrocephalus 

This condition can occur at any age, but when considering the pediatric forms, there are 

two main types of hydrocephalus. Obstruction within the ventricles preventing the flow of CSF 

into the subarachnoid space was historically referred to as noncommunicating or obstructive 

hydrocephalus (Dandy, 1919). Alternately, when there is proper passage through the ventricles 

but disrupted flow dynamics outside the ventricular system in the subarachnoid space or 
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impaired absorption of CSF by the arachnoid granulations, this was referred to as communicating 

hydrocephalus (Dandy, 1919) or non-obstructive hydrocephalus.  This can occur from various 

causes listed below that heighten resistance of CSF drainage, or more rarely by venous 

obstruction (Otitic hydrocephalus) or overproduction of CSF related to choroid plexus papilloma 

(Toporek & Robinson, 1999).  Although Dandy’s classification is still used today in many 

respects, there have been various attempts over the 20
th

 century to offer more contemporary 

classifications based on different responses to treatment or the effect of brain distortion on the 

infant.  A recent consensus classification of hydrocephalus is defined by the specific point of 

obstruction of CSF dynamics within the craniospinal axis; only very rare cases of hydrocephalus 

develop without an identifiable point of obstruction (Rekate, 2011).  

 

I.2.3 Causes of Pediatric Hydrocephalus 

Causes of hydrocephalus are heterogeneous.  Congenital hydrocephalus is when the 

condition is present at birth, often due to a developmental abnormality of the cerebral aqueduct 

or in association with spina bifida (myelomeningoceles), or brain malformation associated with a 

genetic and/or environmental factor(s).  Hydrocephalus can result from in utero infection with 

the protozoan parasite, Toxoplasmosis gondii or a range of viruses including cytomegalovirus, 

Rubella, or Herpes. There are also some inherited forms of hydrocephalus (Bruni et al., 1988a) 

including a rare X-linked form typically passed from mother to son that is associated with a 

chromosomal defect in neural cell adhesion molecule L1 (L1 CAM) gene located at Xq28 in 

humans (Rosenthal et al., 1992; Van Camp et al., 1993). Acquired hydrocephalus occurs after 

birth, including later in life, where some event(s) lead to impaired CSF dynamics. Premature 

infants’ brains are very susceptible to injury, with the periventricular area surrounding the lateral 
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ventricles being most vulnerable.  Acquired hydrocephalus can develop following premature 

birth as a consequence of intracranial or intraventricular hemorrhage (IVH), where ventricular 

dilatation occurs leading to post-hemorrhagic hydrocephalus (PHH) (Murphy et al., 2002).  

Acquired hydrocephalus can also develop later in childhood due to brain tumour(s), arachnoid 

cyst(s), bacterial meningitis, or head trauma (Raimondi & Tomita, 1981).  

 

I.2.4 Epidemiology of Pediatric Hydrocephalus 

Hydrocephalus is the second most frequent congenital neurologic malformation (after 

spina bifida), occurring in 0.4-1.5/1000 live births (Garne et al., 2009; Persson et al., 2005). It 

develops secondarily in about 80% of patients with spina bifida (Stein & Schut, 1979). In the 

United States, over 1 000 000 people suffer from hydrocephalus. There are approximately 15 

million infants born prematurely each year worldwide (March of Dimes et al., 2012), where 

Canada reports about 30 000 infants born prematurely per year and approximately 6000 of those 

infants are under 30 weeks gestation (Bartholomew et al., 2003).  Among premature infants that 

weigh less than 1500 g at birth, about 15-20% will develop IVH (du Plessis, 2009).  Studies have 

shown that ventricular dilatation occurs in approximately 33% or even up to 50% of premature 

infants with IVH, and up to 25% will develop progressive PHH (de Vries et al., 2002; Murphy et 

al., 2002).  In addition, between about 10-20% of premature infants that develop IVH will 

require a permanent ventriculoperitoneal (VP) shunt (Limbrick et al., 2010; Robinson, 2012).  

 

I.2.5 Secondary Impairments Resulting from Hydrocephalus 

The type and severity of brain damage is dependent on the rate of ventricle expansion, the 

magnitude of this enlargement, the age of onset/developmental time-point when the disruption 
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occurs, and how close the damaged/impaired brain structure(s) is/are to the ventricle(s) (Del 

Bigio, 1993).  A common impairment/deformity resulting directly and/or secondarily from fetal 

and neonatal hydrocephalus is enlargement of the head because there are open calvarial skull 

sutures, which enables centrifugal displacement of cerebral tissue to reduce intracranial pressure 

from the expanded ventricles (Cardoso et al., 1989; Coulson et al., 1984). Even hydrocephalic 

children with stable head size may exhibit very gradual neurologic deterioration (Fried & 

Shapiro, 1986; Larsson et al., 1999).  Secondary handicaps include disturbances in walking/gait 

and other motor abilities (Sorensen et al., 1986), impaired cognitive development (Dennis et al., 

1994; Thompson et al., 1991), delayed growth associated with hypothalamic impairment (Kaiser 

et al., 1989), frequent headaches, nausea, vomiting, irritability, drowsiness, urinary incontinence, 

and visual disturbances with sunsetting of the eyes (Kirkpatrick et al., 1989). If left untreated, 

hydrocephalus can kill infants and children (Foltz & Shurtleff, 1963; Laurence & Coates, 1962).  

 

I.2.6 Hydrocephalus in Adults  

 As indicated, hydrocephalus can manifest at any age.  It is also a chronic condition, 

where infants and children can undergo surgical treatments and have relatively long lives despite 

experiencing varying levels of complications.  These complications will be discussed later in the 

surgical treatment chapter.  In terms of chronic or adult-onset hydrocephalus, it can be derived 

from other brain-related damage or pathology, have a late-onset manifesting from a congenital 

origin, or have an idiopathic cause, but the most common causes are from subarachnoid 

hemorrhage, normal-pressure hydrocephalus (NPH), tumours, cerebral aqueductal stenosis, head 

trauma, and meningitis (Chahlavi et al., 2001).  Of these causes, NPH tends to be uniquely 

associated to adult-onset hydrocephalus, particularly in later adulthood.  NPH was first 
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recognized in adults by Hakim and Adams (1965), and its diagnosis is clinically based on three 

sets of symptoms including gait disturbances, changes in cognitive functions, and urinary 

incontinence (Edwards et al., 2004). NPH patients experience ventricular enlargement, but it is 

associated with normal or chronic low-grade increases in ICP or CSF pressure, and it tends to 

have a slower progression than pediatric forms of hydrocephalus (Edwards et al., 2004).  

Chronic hydrocephalus can also include ex vacuo hydrocephalus, where individuals suffer from 

ventriculomegaly that occurs secondary to appreciable brain tissue atrophy, including those with 

different forms of dementia, and not due to impaired CSF flow dynamics (Bradley, 2001; Hakim 

et al., 2001).  Among the different forms of the chronic adult-onset hydrocephalus, 

epidemiological analyses have estimated the prevalence to be about 2.6 per 100 000 per year 

(Höglund et al., 2001), but this is likely underestimated because it can be underdiagnosed in 

individuals that have NPH with no cognitive impairments (Kuba et al., 2002).  Like pediatric 

hydrocephalus, the pathogenesis and neuropathology associated with adult forms of 

hydrocephalus are not fully known, but there are some differences in their manifestation and 

outcome with and without treatment.  Thus, it is important to note that the work performed in 

this thesis does not relate to the mature brain and will not be considered further unless otherwise 

indicated. 

 

I.3. ANIMAL MODELS OF HYDROCEPHALUS   

The pathogenesis of brain damage in hydrocephalus has been elucidated by pathological 

studies of human brains and through the use of experimental animal models. Experimental 

animal models have been developed in a range of species using a variety of methods to induce 

hydrocephalus or through genetic mutations in rodents.  These models have been described in 
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different reviews (Del Bigio, 2001a; 2004; Hochwald, 1985; Khan & Del Bigio, 2006; 

Matsumoto et al., 1975).  The following discussion will briefly describe each of the experimental 

models, along with the basic advantages and disadvantages of each model.  Although none of 

these models can fully mimic the human condition, they each contribute to our understanding of 

the pathogenesis of hydrocephalus and how to potentially treat it effectively.    

 

I.3.1. Kaolin Injection 

The most common method of inducing experimental hydrocephalus is the intracisternal 

kaolin injection model (Del Bigio, 2001a).  This model was introduced in the 1930s (Dixon & 

Heller, 1932; Lindauer & Griffith, 1938). A suspension of kaolin clay (aluminum silicate) is 

injected into the cisterna magna either through surgical exposure of the cistern and brainstem or 

by inserting a needle tip percutaneously. Kaolin deposited at the base of the fourth ventricle 

spreads in the subarachnoid space, where it induces an inflammatory reaction and fibrous 

scarring in the meninges. This resembles the scarring that develops following meningitis or 

hemorrhage and leads to an obstruction of the CSF pathways close to the fourth ventricle 

apertures and ventricular enlargement ensues (Dixon & Heller, 1932; Hochwald, 1985; Khan & 

Del Bigio, 2006; Schurr et al., 1953). The species that have been examined include mice (da 

Silva Lopes et al., 2009; Wang et al., 2011), rats (Del Bigio et al., 1997b;c; Del Bigio & Zhang, 

1998; Hochwald et al., 1975; 1981; Li et al., 2008b), guinea pigs (Madhavi & Jacob, 1989; 1990; 

1992), rabbits (Weller & Wisniewski, 1969); cats (Del Bigio et al., 1994; Eskandari et al., 2004; 

Hochwald et al., 1973; Lindauer & Griffith, 1938), ferrets (Di Curzio et al., 2013), dogs (DeFeo 

et al., 1979; Rekate et al., 1985; Schurr et al., 1953; Weller et al., 1971), pigs (Jetzki et al., 

2012), sheep (Edwards et al., 1984; Johnston et al., 2013; Nakayama et al., 1983), and monkeys 
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(Edwards et al., 1984; Nakayama et al., 1983).  The main disadvantage of kaolin induction is 

that the inflammatory reaction, composed of macrophages and CD4- and CD8-positive 

lymphocytes (Shinoda & Olson, 1997), might confound interpretation of microglial reactions in 

these animal models.  Second, if performing the percutaneous needle injection method, it is 

possible to cause damage by accidental punctures into brainstem structures, particularly in 

neonatal animals. Third, there is variable dispersion of kaolin in the subarachnoid space, and this 

may account for the relatively unpredictable rate and magnitude of ventricular dilatation that 

transpires.  However, these are outweighed by the practical matter that the kaolin model is a 

simple, inexpensive, and consistent way of inducing hydrocephalus in experimental animals (Del 

Bigio, 1993; Khan & Del Bigio, 2006).   

 

I.3.2. Silicone Oil Injection 

Another method of inducing hydrocephalus in animal models is through an intracisternal 

injection of viscous silicone oil.  This creates a purely mechanical obstruction for the outflow of 

CSF from the fourth ventricle to the subarachnoid space (James & Strecker, 1973; Wisniewski et 

al., 1969).  The method has also been successfully used in a few animal species including rats 

(Go et al., 1976), rabbits (Del Bigio & Bruni, 1988a;b; 1991; Page, 1975; Wisniewski et al., 

1969), and dogs (James & Strecker, 1973; Wisniewski, 1961; Zhao et al., 2010). The silicone oil 

used in this model is an inert substance, so it does not produce the same inflammation of the 

meninges and scarring that kaolin induces (James & Strecker, 1973; Wisniewski, 1961; 

Wisniewski et al., 1969).  It should be noted though that silicone oils do lead to some intraocular 

inflammatory response when used in the treatment of retinal detachment (Morescalchi et al., 

2014), but it is not certain how this translates to the brain. Like kaolin, the silicone oil model is 
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easy and inexpensive to perform (Del Bigio, 2001a; Khan & Del Bigio, 2006); however, it does 

not produce severe ventricular expansion or sustained elevated intracranial pressure (Del Bigio, 

2001a; Del Bigio & Bruni, 1991; Khan & Del Bigio, 2006), and thus, it is not an effective model 

of chronic infantile hydrocephalus. Some studies used a silastic elastomer solution that hardens 

quickly to improve the rate of ventriculomegaly attained (Brown et al., 1984; Page & White, 

1982). 

 

I.3.3. Mechanical Obstructions and Toxins 

Over the 20
th

 and 21
st
 centuries, various other substances/agents have been used to induce 

hydrocephalus by implanting a mechanical plug that leads to hydrocephalus.  Some of these 

substances include cotton or cellophane cylinders implanted in the cerebral aqueduct of adult 

dogs (Dandy & Blackfan, 1913; Dandy, 1919; Schurr et al., 1953), India ink (De, 1950), and 

cyanoacrylate glue (Johnson et al., 1999, Park et al., 2011) among others.  These substances will 

typically cause an obstructive form of hydrocephalus either by blocking the fourth ventricle 

and/or access to the subarachnoid space through the apertures or by inducing aqueductal stenosis, 

which will in turn lead to ventriculomegaly. Cotton and cellophane plugs have successfully 

induced hydrocephalus in large animals, but they involve an invasive, major surgical procedure 

that likely damages brainstem structures, so they should only be limited to acute experiments 

(Khan & Del Bigio, 2006).  Cyanoacrylate glue also induces obstructive hydrocephalus in the 

fourth ventricle, where it quickly cures, and this potentially prevents CSF leakage by adhering to 

the ependymal and pial layers of the brainstem and cerebellum without distorting surrounding 

brain tissues (Khan & Del Bigio, 2006).  It has been shown to work in large animals (i.e., dogs) 

with gyrencephalic brains, like humans, but it is also expensive and involves a complicated 
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technical procedure that has not always worked in other animal models (Del Bigio, 2001a; Khan 

& Del Bigio, 2006; Slobodian et al., 2007).  An additional implantation method is balloon 

insertion in the ventricles of lambs (Di Rocco et al., 1977b; 1978; 1979). Unlike the other 

techniques described above, the balloon implantation method induces a form of communicating 

or non-obstructive hydrocephalus because there is no point of obstruction (Di Rocco et al., 1978; 

1979).  However, it elevates the pulse wave of the CSF in the ventricles (Rekate, 2011), which 

could have other implications. 

 

Different toxins have been administered or fed to pregnant rats, which successfully 

produced hydrocephalic offspring.  Some of these substances include trypan blue (Stempak, 

1964) and tellurium (Agnew et al., 1968; Duckett, 1971; Garro & Pentschew, 1964).  These 

substances will lead to obstructive hydrocephalus by blocking the cerebral aqueduct or by 

closure of the subarachnoid space, and ventricular enlargement will follow in these rats.  

Unfortunately, these toxins likely cause brain damage or alter normal developmental sequences 

to induce congenital defects that subsequently lead to ventriculomegaly, and often death will 

occur by the end of the second week of life (Duckett, 1971; McLone, 1984).  

 

I.3.4. Molecular Fibrosis Manipulation 

 Molecular agents associated with the fibrotic pathway have also been injected or 

overexpressed in animal models to induce obstructive hydrocephalus.  Basic fibroblast growth 

factor (FGF-2) (Johanson et al., 1999; Pearce et al., 1996) has been injected/implanted in the 

cisterna magna of rats, rabbit, dogs, and/or marmosets.  Intrathecal injection or transgenic 

overexpression of transforming growth factor-beta 1 (TGF-ß1) has also successfully induced 
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hydrocephalus in mice (Cohen et al., 1999; Galbreath et al., 1995; Lacombe et al., 2004; Tada et 

al., 1994; 2006).  TGF-ß1 is a potent regulatory cytokine involved in numerous biological 

processes including morphogenesis, cell proliferation and differentiation, inflammation and 

immune response, and wound healing (Sporn et al., 1986).  However, it must also be regulated as 

excessive production of TGF-ß1 can induce abnormal vascular growth and convert it to a pro-

inflammatory cytokine that is associated with fibrosis, astrogliosis, and microglial activation 

(Wahl et al., 1993; Wyss-Coray et al., 1995).  Basic FGF-2 and TGF-ß1 injections are relatively 

easy procedures that both presumably create a fibrotic obstruction in the subarachnoid space (Del 

Bigio, 2001a; Khan & Del Bigio, 2006; Lacombe et al., 2004; Wyss-Coray et al., 1995), but they 

are expensive procedures that might have a direct impact on different brain cells, including 

synapse formation and neuronal migration (Del Bigio, 2001a; Dietrich et al., 1996; Wagner et 

al., 1999). 

 

I.3.5. Blood and Blood-Related Injections 

More recently, several studies have established rodent models of post-hemorrhagic 

hydrocephalus through intraventricular injection of blood directly into the lateral ventricles of 

rats (Ahn et al., 2013; 2015; Aquilina et al., 2008).  Other studies have successfully performed 

the same intraventricular injection(s) with substances found in blood serum and/or plasma either 

alone or in conjunction with blood itself, including thrombin (Gao et al., 2014) and FeCl3 (Meng 

et al., 2015; Zhao et al., 2014) in rats, along with lysophosphatidic acid (LPA) in mice (Yung et 

al., 2011).  All of these studies have also examined non-surgical therapeutic agents to treat the 

experimental hydrocephalus with varied efficacy, which sheds more light on the neuropathology 

associated with hydrocephalus along with the potential neuroprotective effects of various 
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pharmacological treatments.  In addition, some of these models, such as the LPA model in mice 

(Yung et al., 2011), resemble different human fetal forms of the hydrocephalus caused by 

hemorrhage (Del Bigio, 2011; Lategan et al., 2010).  However, blood-brain-barrier (BBB) 

disruption could occur using these models (Gao et al., 2014), and hemorrhage is only one of the 

many causes of hydrocephalus.  In addition, it is important to examine these blood injection 

models further without therapeutic intervention to learn more about the neuropathology 

associated with chronic hydrocephalus. 

 

I.3.6. Genetic Models 

There are also genetic models of hydrocephalus that have been discovered and studied 

over the last century, and these include the hydrocephalus Texas (H-Tx) rat, the LEW/Jms rat, 

the L1 cell adhesion molecule (L1 CAM) mutant mouse model, the hydrocephalus-3 (hy-3) 

mouse, the hydrocephalus with hop gait (hyh) mouse, the SUMS/NP mouse, the hpy mouse, and 

a double transgenic mouse model, among others.  The hydrocephalic H-Tx rat is a spontaneous 

neonatal hydrocephalus model that develops aqueduct stenosis and ventricular enlargement 

beginning at approximately 18 days gestation (Jones & Bucknall, 1988; Kohn et al., 1981), while 

the LEW/Jms rat strain came from an inbred strain of Wistar-Lewis rats that exhibit a similar 

onset and pathophysiology to the H-Tx rat (Jones et al., 2003; Sasaki et al., 1983).  The H-Tx rat 

has been studied extensively and displays adverse effects in the germinal epithelium (GE) 

including reduced cell proliferation, impaired cell cycling, and/or increased cell death and 

arrested migration of glial cells from the GE into the cerebrum, which are hypothesized to be 

associated with impaired signalling molecules, such as corticotropin-releasing factor, 

adrenocorticotropin, and interleukins, or growth factors like FGF-2 and TGF- ß, that are carried 
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by the CSF (Mashayekhi, 2012; Mashayekhi et al., 2000; 2001; 2002; Miyan et al., 1998; Owen-

Lynch et al., 2003; Vetsika et al., 1999).  Its phenotypic characterization is predictable, and 

surgical intervention can treat this inherited form of hydrocephalus (Jones et al., 2000a; Khan & 

Del Bigio, 2006).  Additionally, research is uncovering the potential roles that folate imbalance 

plays in the defects associated with the early-onset of hydrocephalus, where maternal 

administration of folic acid increases the incidence of hydrocephalus, while combined folinic 

acid and tetrahydrofolate decrease the incidence (Cains et al., 2009).  Despite these 

breakthroughs, the underlying genetic cause of this partially penetrant disorder is still unknown 

(Cai et al., 2000; Jones et al., 2000b; Jones et al., 2001), which raises issues about its 

applicability.  There is also concern that there are potential brain abnormalities in 

nonhydrocephalic ‘normal’ H-Tx rats because they perform worse than Sprague-Dawley rats on 

behavioural tests (Hawkins et al., 1997).  It is also expensive to maintain the breeding colony for 

these rats and any other genetic model (Del Bigio, 2001a; Khan & Del Bigio, 2006).  

 

As indicated, there are also spontaneous mutant mice that exhibit a hydrocephalic 

phenotype.  The L1 CAM mutant mouse often displays ventricular expansion, cerebral cortex 

pyramidal neuron defects, and atrophied hippocampus, corticospinal tract, and corpus callosum 

(Dahme et al., 1997; Demyanenko et al., 1999). Meanwhile, the hy-3 mouse was initially 

discovered in the 1940s and was suspected to be the result of a pleiotropic gene (Gruneberg, 

1943).  Research in this model continued in the 1960s and 1970s, where the inheritance and 

pathogenesis were investigated, which revealed impairment to the choroid plexus and ependymal 

layer (Berry, 1961; Lawson & Raimondi, 1973).  However, it was not until 2003 that the 

discovery of the autosomal-recessive frameshift mutation in the Hydin gene caused this lethal 
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form of perinatal onset communicating hydrocephalus (Davy & Robinson, 2003), which may 

manifest due to impairment of ependymal ciliary motility (Dawe et al., 2007). With further 

understanding of the genetic cause of hy-3, it is becoming more feasible to investigate this model 

further. Another mutant model is the hyh hydrocephalic mouse that is associated with 

significantly reduced cerebral cortex size and subsequent ventricular enlargement that is 

typically lethal between a few weeks to 2 months of age (Bronson & Lane, 1990).  However, the 

hyh mouse is a complex genetic model involving a hypomorphic missense mutation of the 

soluble N-ethylmalemide-sensitive factor (NSF) attachment protein alpha-S-nitroso-N-

acetylpenicillamine (Napa α-SNAP) gene mapped to the proximal end of chromosome 7, which 

is associated with mRNA instability (Bronson & Lane, 1990; Chae et al., 2004; Hong et al., 

2004).  This is believed to disturb neural cell determination by disrupting cortical progenitor 

pools and laminar organization, as well as localization of several apical proteins implicated in 

regulating neural cell fate.  It has other effects on cell processes including disorganization and 

reduction of both proliferative and neural progenitor cells (NPCs) in the subventricular zone 

(SVZ) (Jiménez et al., 2009), but the cause of these effects is not clearly understood.  It also 

displays the hop gait phenotype, which is not necessarily associated with hydrocephalus.  In 

addition, mutant mouse models are too small for surgical interventions, and thus, there are 

concerns about their applicability to the human situation (Khan & Del Bigio, 2006). 

     

The SUMS/NP mouse is an inbred strain involving a recessive gene that is likely 

autosomal and develops congenital hydrocephalus with ventricle enlargement around E16 but is 

explicitly visible by P3-P4 in about 13% of matings between heterozygous parents (Bruni et al., 

1988b; Jones et al., 1987).  These animals develop progressively severe hydrocephalus with 
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expanded lateral and third ventricles and reduced or absent cerebral aqueduct, and they die 

shortly after weaning.   The hydrocephalus associated with polydactyly (hpy) mouse involves a 

recessive mutation on chromosome 6 where homozygous mice exhibit a hopping gait, male 

sterility, scoliosis, and develop non-obstructive hydrocephalus postnatally around P6 and most 

die by P14 (Bryan et al., 1977; Hollander, 1976; Kume et al., 1998).  The hpy mice were also 

originally observed as offspring of X-irradiated mice (Hollander, 1966; 1976), but the specific 

factors associated with hydrocephalus development are unknown (Bruni et al., 1988a).  The 

unique double transgenic mouse model of communicating hydrocephalus shows severe 

ventricular enlargement and ependymal denudation and can be induced at any age because of 

doxycycline, which binds to tet-transactivator (tTA) and regulates astrocyte activation 

(McMullen et al., 2012; Sweger et al., 2007). It involves crossing of the G1-coupled Ro1 

receptor activated solely by synthetic ligands (RASSL) in astrocytes mouse line with a tTA 

mouse line that has a fragment of human GFAP promoter that enables expression of Ro1 in 

astrocytes only.  Despite the benefits of these mouse models in understanding the 

neuropathology of hydrocephalus these models are limited because of the difficulties in 

incorporating surgical treatment, such as ventricular shunts, primarily due to the small size 

(McAllister, 2012). 

 

Researchers have discovered different spontaneous mutant models of hydrocephalus, 

while others have induced experimental hydrocephalus using numerous agents with some 

successfully working in different animal models.  All of these studies have imparted important 

information to understand the causes of and potential treatments for hydrocephalus.  Because of 

them, much has been discovered about the neuropathology of this condition.  However, the 
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above discussion has made it evident that none of them are perfect in mimicking the human 

condition, for which there is still no definitive cure. 

 

I.4. NEUROPATHOLOGICAL CHANGES IN HYDROCEPHALUS 

Hydrocephalus is a heterogeneous, neurological condition that can occur at any age.  The 

neuropathological consequences of hydrocephalus are dependent on the age of onset, rate of 

ventricular enlargement, and the etiology (Del Bigio, 2001b; 2010a; Hirayama, 1980; Hochwald, 

1985).  Even gene expression has been shown to change in the hydrocephalic rat brain depending 

on the age of onset and duration of the condition (Balasubramaniam & Del Bigio, 2002).  Brain 

damage associated with the condition is also varied with contributions from both mechanical 

forces and metabolic changes that are difficult to distinguish (Del Bigio, 2004a); however, as 

ventriculomegaly progresses, the surrounding brain tissue is compressed within the cranial vault, 

leading to increased intracranial pressure (ICP) and eventually severe brain damage.  From this 

perspective, it makes sense that periventricular brain regions/structures are the initial sites of 

damage as ventricular dilatation occurs.  The following description of neuropathological changes 

in hydrocephalus will first discuss cellular and region specific damage from the ventricles and 

outward towards the cortex and brainstem.  This will be followed by vascular and hypoxic 

changes associated with the condition.  Both types of brain damage/impairment are dependent on 

the severity of the condition, particularly before therapeutic intervention commences.   

 

I.4.1. Structural, Regional, and Cellular Changes  

I.4.1.1. Ependymal Layer 
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 The ependyma is a layer of cells that surrounds the ventricles of the brain and central 

canal of the spinal cord.  These cells proliferate and differentiate during prenatal and early 

postnatal development with minimal proliferative activity in adult mammals, and they may have 

critical protective barrier functions during neural tube formation and neurodevelopment; 

however, their function in adult brains and response to injury are not well known (Bruni et al., 

1985; Del Bigio, 1993; 1995; 2010b; Sarnat, 1995).  When hydrocephalus occurs, it is possible 

for the ependymal layer to remain intact (Bannister & Mundy, 1979); however, it is typically 

affected ranging from being stretched or torn (Del Bigio et al., 1985; Weller & Shulman, 1972) 

to being completely abolished (Del Bigio, 2010b), which is referred to as ependymal denudation 

(Dominguez-Pinos et al., 2005; McAllister, 2012; Russell, 1949) that leaves only small 

collections of cells to line the ventricular wall (Del Bigio, 1993; Sarnat, 1992).  Animal models 

have shown that ependymal distortion and damage can commence by around 12 hours following 

CSF obstruction in the ventricles (Clark & Milhorat, 1970; Diggs et al., 1986; Page, 1975).  The 

different columnar and cuboidal ependymal cells can stretch but remain intact (Del Bigio & 

Bruni, 1988b; Page et al., 1979), possibly as a protective mechanism, but this is limited by the 

severity of ventriculomegaly and rate at which expansion occurs (Collins, 1979).  Ependymal 

damage also varies based on the brain regions it lies deep to, where ependyma overlaying the 

periventricular white matter at the dorsolateral angle and roof of the lateral ventricles (Page, 

1975; Raimondi et al., 1973) and septum pellucidum (Del Bigio & Bruni, 1988b) are the most 

severely affected.  Such damage is subsequently followed by an inflammatory response with 

macrophages emerging on the ependymal surface (Del Bigio et al., 2001b; Go et al., 1976).  

Several studies have shown an inability for ependymal cells to regenerate after hydrocephalus 

develops (Russell, 1949) or is induced (Collins, 1979; Page & Leure-duPree, 1983; Weller et al., 
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1978), but there is evidence that increased mitotic activity of existing ependymal cells occurs 

after hydrocephalus induction (Del Bigio & Bruni, 1988b).  Thus, ependyma damage occurs 

early after ventricular expansion, and it is not certain whether ependymal layer regrowth is 

possible, particularly as ventriculomegaly worsens.     

 

I.4.1.2. Subventricular Zone     

The brain region adjacent to the ependyma is the subependymal zone (SEZ) or 

subventricular zone (SVZ). It is a thin area that persists from the embryonic GE that forms the 

lateral wall of the lateral ventricles, but it is virtually nonexistent over the third ventricle, 

cerebral aqueduct, and fourth ventricle (Fleischhauer, 1972; Kaplan, 1983).  It is one of the two 

major sites of neurogenesis (along with the subgranular zone of the dentate gyrus in the 

hippocampus) where cell proliferation of newly formed brain cells continues into adulthood and 

are continually sent to different areas of the brain, including neurons through the rostral 

migratory stream to the olfactory bulbs, as well as glial cells to the corpus callosum and cerebral 

cortex (Kazanis, 2009).  It has a strictly controlled cytoarchitecture containing astrocytes, small 

blood vessels, and three types of neural stem cells (NSCs) including self-renewing pluripotent 

progenitors, neuroblasts or neuronal precursor cells, and oligodendrocyte precursors (OPCs) that 

are spatially located in specific positions (Doetsch et al., 1999; Kaplan, 1983; Kazanis, 2009; 

Morshead et al., 1994). 

 

In humans and experimental models of hydrocephalus, periventricular reactive gliosis 

occurs within and surrounding the SEZ/SVZ, which may involve either or both hyperplasia or 

hypertrophy of glial cells (Clark & Milhorat, 1970; Del Bigio, 1993; Del Bigio & McAllister, 
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1999; Di Curzio et al., 2013; 2014; Jiménez et al., 2009; Miller & McAllister, 2007; Rubin et al., 

1976a; Russell, 1949).  Various studies have also shown changes in cell numbers and mitotic 

activity within this region associated with hydrocephalus, where some studies have shown 

increased cell quantity (Weller et al., 1978) and cell proliferation (Del Bigio & Bruni, 1988b; 

Del Bigio & Zhang, 1998). More recent work tends to show appreciable thinning and 

disorganization of the SVZ, along with a significant decrease in cell proliferation overall (da 

Silva Lopes et al., 2009; Di Curzio et al., 2013; Jiménez et al., 2009; Khan et al., 2006; 

Mashayekhi et al., 2002; Miyan et al., 1998), as well as impaired mitotic cell cycling and 

migration of germinal cells away from the SVZ (Nojima et al., 1998; Owen-Lynch et al., 2003), 

which may be associated with aberrant expression of neurotrophic factors in the ventricular zone 

(VZ) (Fukumitsu et al., 2000; Mashayekhi et al., 2002; Miyan et al., 2001). These impairments 

could disrupt neuronal organization (Oi et al., 1989), but human fetuses with hydrocephalus 

often exhibit no abnormalities in the germinal matrix and cortical organization (Del Bigio, 

2004a). There is also an increase in oligodendrocyte (Del Bigio & Zhang, 1998) and activated 

cell death in the SVZ and periventricular regions (Miyan et al., 1998), as well as a decrease in 

Olig2-positive cells that could be indicative of glial precursor or mature oligodendrocyte lineage 

(Di Curzio et al., 2013; Di Curzio & Del Bigio, in preparation). Overall, the SEZ/SVZ is an 

important proliferative brain region that seems to be affected greatly by ventricular expansion.               

 

I.4.1.3. Periventricular Axons and White Matter 

With hydrocephalus, primary destruction of periventricular axons and white matter 

occurs early after onset with ventricular expansion causing physical stretching and compression 

leading to eventual axonal destruction as brain damage progresses (Del Bigio, 2010a; McAllister 
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& Chovan, 1998). In humans and animal models, severe hydrocephalus is associated with 

appreciable corpus callosum thinning and compression of periventricular and subcortical white 

matter (da Silva Lopes et al., 2009; Del Bigio, 2004a; 2010a; Del Bigio et al., 1994; Del Bigio & 

Zhang, 1998; Di Curzio et al., 2013; Gadsdon et al., 1978; Khan et al., 2007; Mataro et al., 

2006; Russell, 1949; Weller et al., 1971; Weller & Shulman, 1972; Weller & Wisniewski, 1969).  

Callosal injury is caused primarily by stretching, but dorsal grooving of the corpus callosum can 

occur from impingement on the falx cerebri (Hofmann et al., 1995), and such damages can lead 

to hemispheric disconnection (Jinkens, 1991; Spreer et al., 1996).  Destruction of the corpus 

callosum and fimbria/fornix in rat and human brains produces myelin degradation products and 

correlates with motor and cognitive deficits (Del Bigio et al., 2003), whereas callosal size in 

hydrocephalic patients showed no correlation to cognition (Hommet et al., 2002).  Compared to 

adults with hydrocephalus, early-onset hydrocephalus tends to show more compression of 

periventricular regions surrounding the occipital horn of the lateral ventricles because their 

expansion is more pronounced early in life (D'Addario & Kurjak 1985; Oberbauer, 1985). 

 

Axonal injury and focal petechial hemorrhage can occur in acute hydrocephalus, 

particularly at the angles of the ventricles (Del Bigio, 2004a). Axonal degeneration and damage 

are commonly reported in hydrocephalic brains (De, 1950; Di Curzio et al., 2013; James et al., 

1977; Milhorat et al., 1970; Weller et al., 1971; 1978; Weller & Wisniewski, 1969), where 

axonal cytoskeletal damage occurs through a calcium-mediated activation of proteolytic enzymes 

(Del Bigio, 2000), and varicose enlargements of damaged but intact axons that are 

immunoreactive for amyloid precursor protein can be observed shortly after the onset of 

hydrocephalus (Del Bigio, 2001a; 2004). Chronic hydrocephalus is also associated with a loss or 
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disconnection of axons (Del Bigio, 2001a; Di Rocco et al., 1979; Miyagami et al., 1976), and 

degenerative changes can occur in human corticospinal tracts and animal spinal cords (Del Bigio, 

2010a; Del Bigio et al., 2003; 2004; James et al., 1977; Shirai & Ishii, 1991, Yakovlev, 1947).  

Myelin loss occurs secondarily to axonal damage and loss (Del Bigio, 2001b; Rubin et al., 

1976a; 1976b; Sutton et al., 1983; Yamada et al., 1992), which may be caused by periventricular 

white matter edema (Feigin, 1983; Leech, 1991; Weller & Wisniewski, 1969) or related to 

elevated CSF levels of pro-apoptotic factor soluble FasL (Felderhoff-Mueser et al., 2003), but 

these remain uncertain.  Myelin deposition in the young rat, cat, and infant human brain is 

delayed by hydrocephalus (Chumas et al., 1994; Del Bigio et al., 1994; 1997b; Del Bigio & 

Zhang, 1998; Hanlo et al., 1997), and myelin turnover is increased in chronic hydrocephalus 

(Del Bigio et al., 2003). There is also increased oligodendrocyte and apoptotic cell death, as well 

as reactive astroglial and microglial changes and phagocytosis that occur in the white matter (Del 

Bigio, 2001b; Del Bigio et al., 1994; Del Bigio & Zhang, 1998; Di Curzio et al., 2013; Gadsdon 

et al., 1978; Mangano et al., 1998; Rubin et al., 1976b). 

 

I.4.1.4. Extracellular Spaces and Water Content        

In the periventricular region, human and animal studies have shown that the 

hydrocephalic brain is edematous in association with increased ICP (Asada et al., 1978; Drake et 

al., 1989; Hiratsuka et al., 1982).  Brain tissue water content is elevated as far as 3 mm from the 

ventricle surface in hydrocephalic animals (Fishman & Greer, 1963; Higashi et al., 1986; 

Hochwald et al., 1975; Inaba et al., 1984; Takei et al., 1987).  Extracellular spaces in the brain 

and periventricular white matter have been histologically shown to be enlarged in humans 

(Castejon, 2009; Di Rocco et al., 1977a) and animals (James et al., 1980; Rubin et al., 1976b; 
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Weller & Wisniewski, 1969), but these have only been verified ultrastructurally to 200 μm from 

the ventricular surface (Del Bigio & Bruni, 1988b; Del Bigio et al., 1985; Ogata et al., 1972; 

Weller et al., 1971).  Numerous researchers believe that increased extracellular spaces may serve 

as diffusional pathways for “displaced CSF” based on using tracer agents from the ventricles into 

periventricular parenchyma (Levin et al., 1971; Lux et al., 1970; Page, 1985; Tamaki et al., 

1990a), but this is not certain because the brain produces extracellular fluid that flows into CSF 

spaces (Pollay & Curl, 1967). Alternately, research with hydrocephalic mice (McLone et al., 

1971; 1973) and rats (Del Bigio & Enno, 2008) found compression of extracellular spaces in the 

gray matter of the cortex, while humans showed increases (Foncin et al., 1976) that are not 

present in the caudate nucleus (Del Bigio & Bruni, 1988b; Page et al., 1979). However, it should 

be noted that some changes might be artifactual in some of these studies based on tissue fixation 

methods.  Meanwhile, studies with hydrocephalic humans (Penn & Bacus, 1984) and animals 

(Azzi et al., 1999; Del Bigio & Bruni, 1987; Higashi et al., 1989) have also shown decreased 

water content in the whole brain, cortex, and/or gray matter.  CSF outflow and clearance of 

metabolic waste products and neurotransmitters are decreased in the hydrocephalic brain, and 

these extracellular changes further disrupt the microenvironment, which could impede neuronal 

function (Del Bigio, 1989; 1993; 2010a; Tarnaris et al., 2006).        

 

It is also known that the composition of CSF (Del Bigio, 1989) and extracellular fluid is 

altered in hydrocephalus (Del Bigio, 2001b).  In addition, the movement of water and 

extracellular tracers are restricted (Del Bigio & Bruni, 1987; Massicotte et al., 2000; Shoesmith 

et al., 2000; Sykova et al., 2001), whereas water normally exchanges across the BBB relatively 

freely (Bering, 1952; Go, 1997; Silva et al., 1997).  One study found that aquaporin 4, but not 
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aquaporin 1 or 9, expression was elevated in hydrocephalic rat brains, and it was postulated that 

this change might facilitate the efflux of water from the brain through astrocytes into the 

capillaries (Mao et al., 2006). 

 

I.4.1.5. Choroid Plexus 

The choroid plexus is a tight epithelium surrounding a vascularized stroma that is located 

within the roof of all four ventricles and produces most of the CSF in circulation, while a certain 

portion of CSF is derived from brain extracellular fluid (Del Bigio, 2004a).  Because of its 

unique location, the choroid plexus is a papillary structure that forms one of the interfaces 

between the blood and the CSF, and it is important for contributing to brain homeostasis, where 

it is involved in various biochemical exchanges supplying or removing nutrients, peptides, 

hormones, metabolites, and waste (Strazielle & Ghersi-Egea, 2000).  In regards to its main 

function, CSF overproduction by the choroid plexus is a rare cause of hydrocephalus (Del Bigio, 

1993; 2001b; Toporek & Robinson, 1999). Some studies of experimental hydrocephalus have 

reported a normal choroid plexus (Collins, 1979; De, 1950; Hochwald et al., 1969), whereas 

many others have described various alterations including distortion of microvilli, compression 

and vacuolization of choroidal cells, increased intracellular spaces and inclusions, and epithelial 

atrophy (Dohrmann, 1971; Go et al., 1976; Lawson & Raimondi, 1973; Liszczak et al., 1984; 

Miyagami et al., 1976; Preston et al., 2003).  In humans with chronic hydrocephalus, atrophy of 

the choroid plexus epithelium and stromal sclerosis have been observed (Del Bigio, 1993; Di 

Rocco et al., 1977a; Marburg, 1940; McAllister & Chovan, 1998; Russell, 1949).  Such changes 

have been suggested to be associated with reduced secretory functioning of the choroid plexus 

(Del Bigio & McAllister, 1999; Madhavi & Jacob, 1990; 1992; McAllister & Chovan, 1998; 



 50 

Shuman & Bryan, 1991; Silverburg et al., 2002).  In addition to the choroid plexus, other 

circumventricular organs have shown changes in hydrocephalic animals, such as increases in 

angiotensin II receptor content in circumventricular organs (Acikgoz et al., 1999), the 

subcommissural organ is decreased in size (Irigoin et al., 1990) and exhibits decreased 

glycoprotein immunoreactivity (Somera & Jones, 2004), and the subfornical organ can become 

damaged as the condition progresses (Spoerri & Alexy, 1974). 

 

I.4.1.6. Cerebral Cortex and Subcortical Regions 

The cerebral cortex and subcortical structures are also affected by hydrocephalus, 

particularly as ventriculomegaly becomes more severe, where cortical thinning and distention are 

prevalent, along with stretching of the septum pellucidum (Clark & Milhorat, 1970; Cohen et al., 

1990; Russell, 1949).  In young infants with ventricular enlargement, cortical thinning is most 

apparent in the occipital regions (Del Bigio, 1993; 2001b), and some infants may develop 

polygyria due to intrasulcal cortical unfolding (Del Bigio, 2004a; Friede, 1989).  The cortical 

subplate can be disrupted, which could lead to subtle developmental abnormalities (Khan et al., 

2006; Ulfig et al., 2001).  Ventricular expansion can lead to cortical compression, which could 

eventually cause destruction of deep layers of the cortex, focal cortical dysgenesis, and neuronal 

loss, particularly if the white matter is completely destroyed (De Rosa et al., 1992; Del Bigio, 

1993; 2001b; 2004a; Del Bigio et al., 1994; 1997a; Ding et al., 2001a,b; Jones et al., 1991; 1997, 

Rubin et al., 1976a,b).  The infundibular recess of the hypothalamus is typically enlarged in 

hydrocephalic children (Antoniou & Emery, 1979; Auersperg, 1927; Marburg, 1940).  It has also 

been documented that hydrocephalus could impair the functional organization of the brain in 

children, along with disrupted structural brain development (Berker et al., 1992).  In this regard, 
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microgyria has been found in hydrocephalic humans (Marburg, 1940), as well as impaired NPC 

proliferation and migration in some infants (Oi et al., 1989).  Severe hydrocephalus can 

eventually cause swollen dendrites and axons, a decrease in dendritic spines and branching or 

even elimination of neuronal dendrites in the cortex and hippocampus (Borit & Sidman, 1972; 

Castejon, 1994; 2004; Harris et al., 1996a; Katayama et al., 1991; McAllister et al., 1985) 

corresponding to an accumulation or loss of synaptic vesicle proteins (such as synaptophysin) 

and a loss of synapses (Del Bigio & Zhang, 1998; Katayama et al., 1991; Klinge et al., 2002; 

Kriebel & McAllister, 2000; Miyazawa et al., 1992; Suda et al., 1994) and atrophy of the 

cerebral cortex and basal ganglia (De, 1950; Del Bigio, 1993; Del Bigio et al., 1994; Di Rocco et 

al., 1977a).   

 

Histological changes in the cerebral cortex are subtle and have often been overlooked 

(Del Bigio, 1993; 2001b), but neuronal pyknosis and degeneration have been found in children 

and adults with hydrocephalus (Glees & Voth, 1988; Penfield, 1929), as well as cytoplasmic 

vacuolization in the hippocampus (Hassin, 1932).  Hydrocephalic animal models have shown 

similar findings, as well as shrunken and hyperchromic “reactive” neuronal changes, swelling, 

cell loss, and membrane disruption of neurons in the cerebral cortex, hippocampus, septal area, 

caudate nucleus, thalamus, and hypothalamus (Antoniou & Emery, 1979; De, 1950; Del Bigio, 

1993; Del Bigio & Bruni, 1991; Gopinath et al., 1979; Hale et al., 1992; Marburg, 1940; Miyan 

et al., 1997; Mori et al., 2002; Tashiro et al., 1997a; Ulfig, 2002; Weller & Wisniewski, 1969; 

Wright et al., 1990).  Chronic severe hydrocephalus is also associated with reactive astrogliosis 

in the cortex, as well as neurofibrillary tangles in cortical, hippocampal, and brainstem neurons 

(Ball, 1976; Bech et al., 1997; 1999; Del Bigio, 1993; Del Bigio et al., 1997a: Fan & 
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Pezeshkpour, 1987; Golomb et al., 2000; Wisniewski et al., 1987).  Reactive changes can occur 

in neurons as well, which may be protective, including upregulation of bcl-2, growth-associated 

protein-43 (GAP-43), nerve growth factor, and other protective proteins (Balasubramaniam & 

Del Bigio, 2002; Miyajima et al., 1996; Shinoda et al., 2001; Yamada et al., 2002; Zhang & Del 

Bigio, 1998).  Meanwhile, neurochemical changes in the septohippocampal system of 

hydrocephalic patients (Barf et al., 2003; Chaudhry et al., 2007; Dennis et al., 2007; Egawa et 

al., 2002; Lindquist et al., 2008; Vachha et al., 2006) and animals (Hawkins et al., 1997; Jones et 

al., 1995; Miyazawa & Sato, 1991; Shim et al., 2003) are associated with memory and learning 

impairments.  However, one study found that memory dysfunction in hydrocephalic adults was 

associated with septohippocampal changes when it was due to aqueductal stenosis, whereas 

memory deficits in NPH appeared related to prefrontal structural damage (Donnet et al., 2004). 

Hydrocephalus may also impair neuronal function by changing neural conduction along 

functional pathways (Bucknall & Jones, 1990; Chiba et al., 2003; Imamura et al., 2006; Röricht 

et al., 1998; van Eijsden et al., 2000; Zaaroor et al., 1997), impeding long-term potentiation 

(Katayama et al., 1991; Tsubokawa et al., 1988), and decreasing the responsiveness or size of 

neurons in the visual cortex (Hale et al., 1992; Yinon et al., 1990). Other damage has been 

documented along the visual pathway due to ventricular enlargement including damage to the 

geniculo-cortical pathway/optic radiations, distention of the pineal recess of the third ventricle 

leading to upward gaze palsy, or even ischemic damage due to compression of the posterior 

cerebral artery (Barkovich & Newton, 1989; Cinalli et al., 1999; Desch, 2001; Ito et al., 1997; 

Shallat et al., 1973; van Eijsden et al., 2000).  Hydrocephalus is also associated with changes in 

the concentrations or function of different neurotransmitters, neuropeptides, and receptors (Del 

Bigio, 1993; Del Bigio et al., 1998; Del Bigio & Vriend, 1998; Egawa et al., 2002; Ehara et al., 
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1991; Harris et al., 1997; Hwang et al., 2009; Ishizaki et al., 2000; Nakayama et al., 2007; 

Otsubo et al., 1997; Ouchi et al., 2006; Tashiro & Drake, 1998; Tashiro et al., 1997b), disrupting 

the clearance of various metabolites from the brain (Del Bigio, 1989; Harris et al., 1996b; Jones 

et al., 1997; Kondziella et al., 2002), and inducing neuroendocrine disturbances by altering 

hormone production or secretion that may be due to distortions of the pituitary or hypothalamus 

(Abdolvahabi et al., 2000; Lopponen et al., 1996; 1997; McAllister et al., 2007; Trollmann et al., 

2000; Yoshino et al., 1999).      

 

I.4.1.7. Cerebellum and Brainstem 

 There are also neuropathological changes in the cerebellum and brainstem.  The shape of 

the cerebellum is distorted in people with spina bifida and hydrocephalus (Juranek et al., 2010).  

Although the Chiari II malformation is associated with cerebellar, brainstem, and fourth ventricle 

deformities (Emery, 1967; Koehler, 1991; Russell, 1949) where subsequent hydrocephalus often 

develops, this malformation likely occurs secondary to myelomeningocele instead of 

ventriculomegaly (Variend & Emery, 1974; 1979).  There may be abnormal degeneration and 

stunted growth of the central lobes (lobule) of the cerebellum, which seems to develop normally 

at first (Emery & Gadsdon, 1975), which could be associated with ischemic changes 

(Boltshauser, 2004; Boltshauser et al., 2002; Poretti et al., 2009).  There are also changes in 

neurotransmitter levels in the cerebellum of hydrocephalic animals (Chovanes et al., 1988; 

Kondziella et al., 2002), as well as increases in reactive oxygen species (ROS) after ventricular 

dilatation commences in the H-Tx rat (Socci et al., 1999), which may account for some of the 

impaired cerebellar functioning observed in those with spina bifida (Dennis et al., 2006), but this 

remains uncertain. Historically, a severely misshapen medulla oblongata was often reported in 
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the literature (Russell, 1949), but such brainstem changes are not observed that often today, 

which is possibly due to early surgical intervention on affected individuals or increased abortions 

rates (Del Bigio, 2010a). As mentioned previously, descending axons and white matter 

corticospinal tracts in the brainstem and spinal cord can be damaged as hydrocephalus progresses 

(Del Bigio, 2004a; 2010a; Del Bigio et al., 2003; Shirai & Ishii, 1991), and neurofibrillary 

tangles can be observed in brainstem neurons with chronic severe hydrocephalus (Del Bigio, 

1993).  Thus, cerebellar and brainstem changes can occur with hydrocephalus, but more detailed 

investigations are necessary to determine more clearly how these brain structures are affected by 

this condition.             

  

I.4.2. Vascular and Oxidative Pathogenesis 

I.4.2.1. Cerebral Blood Flow and Vascular Changes   

As the cerebral ventricles enlarge, tissue compression and axonal stretching and tearing 

occur, but hydrocephalus also adversely affects cerebral metabolism, cerebral blood vessels, and 

cerebral blood flow especially in the white matter (Braun et al., 2000; Chang et al., 2009; Del 

Bigio, 1993; Del Bigio & Bruni, 1988a; Owler & Pickard, 2001; Richards et al., 1995).  In 

particular, white matter ischemia or hypoperfusion happens simultaneously with the tissue 

damage (Del Bigio, 2001a; Massicotte et al., 2000; McAllister & Chovan, 1998), and there is 

reduced cerebral blood flow, which is correlated with the size of the ventricles in infants (Goh & 

Minns, 1995; Hill & Volpe, 1982; Lui et al., 1990; Shirane et al., 1992).  Adults with 

hydrocephalus also experience reduced cerebral blood flow, particularly in the frontal lobes (Del 

Bigio, 1993; Shih & Tasdemiroglu, 1995), and extended periods of elevated ICP above normal 

cerebral perfusion thresholds often lead to worse outcomes for young and older patients with the 
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condition (Sato et al., 1988).  Animal studies also show reduced cerebral blood flow and 

ischemic changes with hydrocephalus, as well as changes in oxidative metabolism in the cortex 

and subcortical regions, including the hippocampus (Chumas et al., 1994; Hidaka et al., 1997; 

Higashi et al., 1986; Klinge et al., 2003; Matsumae et al., 1990; Richards et al., 1985; 1995; 

Socci et al., 1999), which are more prominent during early stages while ventricular enlargement 

is actively taking place (Hochwald, 1985; Hochwald et al., 1975).   

 

I.4.2.2. Microvascular Changes 

Miscovascular changes in hydrocephalus were first identified long ago by Penfield 

(1929) who recognized that ventricular enlargement likely impeded the vascular supply to the 

brain.  Later studies were able to show decreased density of capillaries in the corpus callosum of 

humans with hydrocephalus (Gadsdon et al., 1978), as well as decreased number, caliber, and 

patency of capillaries in periventricular white and gray matter of experimental and mutant animal 

models of hydrocephalus (De, 1950; Del Bigio & Bruni, 1988a; Jones et al., 1991; Luciano et 

al., 2001; Nakada et al., 1992; Okuyama et al., 1987; Wozniak et al., 1975).  Some of these 

studies suggested that capillary loss may be due to the combinatorial effect of increased CSF 

pressure and distortion of brain tissue, and reduced cerebral blood flow could result if this loss 

was extensive enough.  When examining the endothelial cells of capillaries in hydrocephalic 

human brains, they were found to have numerous pinocytotic vesicles (Del Bigio, 2004a; Glees 

et al., 1989; Hasan & Glees, 1990) and enlarged extracellular spaces (Castejon, 1980).  In 

experimental animal studies, some report a normal ultrastructure (Ogata et al., 1972; Weller & 

Wisniewski, 1969), while others have observed edema of endothelial cell cytoplasm (Gopinath et 

al., 1979) and separations of endothelial tight junctions in periventricular white matter (Nakada 
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et al., 1992; Okuyama et al., 1987), which might be associated with an alternate route for CSF 

absorption.  Related to this, the BBB appears to remain intact with hydrocephalus, so the role of 

BBB alterations in hydrocephalus is unclear (McAllister & Chovan, 1998).  Suggestive evidence 

of altered permeability of the BBB has been observed in hydrocephalic adult patients who 

display changes in the relative levels of CSF albumin and plasma-derived immunoglobulin G 

(Seyfert et al., 2004).  Meanwhile, another study showed that hydrocephalic rats exhibited only 

focal and perhaps transient increases of BBB permeability, which was speculated to relate 

mainly to mechanical disruption of small periventricular blood vessels rather than a generalized 

capillary phenomenon (Del Bigio et al., 2011).   

 

I.4.2.3. Hypoxic, Oxidative, and Nitrosylative Changes 

 Since hydrocephalus is associated with tissue compression, reduced cerebral blood flow, 

and periventricular white matter ischemia, studies have also shown that periventricular white 

matter undergoes hypoxic, oxidative, and nitrosylative changes.  In particular, pimonidazole 

hydrochloride, which forms adducts with thiol groups in proteins of hypoxic tissue (Arteel et al., 

1998), is detectable in periventricular capillaries and white matter glial cells (Del Bigio et al., 

2012).  Numerous studies have found that hydrocephalic rodent brains exhibit oxidation and lipid 

peroxidation, which precedes oxygen free radical damage to cell membranes and is indicative of 

hypoxic and oxidative changes (Caner et al., 1993; Del Bigio et al., 2012; Di Curzio et al., 2014; 

Etus et al., 2001; 2003; Mori et al., 1993; Socci et al., 1999).  In the CSF of hydrocephalic 

children, various metabolites suggestive of hypoxic metabolism have also been detected (Del 

Bigio, 1989) along with lipid peroxidation (Krueger, 2004). Some studies with H-Tx rats found 

decreased intensity of histochemical staining of neurons for NADPH-diaphorase (Miyan et al., 
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1997) and detected protein nitrosylation associated with oxidative stress (Socci et al., 1999). 

Meanwhile, other studies found increased nitric oxide synthase (NOS) immunostaining (Klinge 

et al., 2003) and elevated mRNA levels of a neuronal NOS inhibitor in hydrocephalic rats 

(Balasubramaniam & Del Bigio, 2002).  Lastly, nitrotyrosine has also been detected in 

periventricular white matter vessels along with increased nitric oxide production in the brains of 

hydrocephalic rats, which are suggestive of nitrosylative, hypoxic changes associated with the 

condition (Del Bigio et al., 2012). 

 

I.5. SURGICAL TREATMENTS FOR HYDROCEPHALUS 

Over the centuries, numerous therapeutic approaches and invasive surgical procedures 

have been investigated and attempted, where most of them have been largely unsuccessful and 

rife with complications primarily because there was a major lack of understanding of the 

pathophysiology of hydrocephalus (Davidoff, 1929; Lifshutz & Johnson, 2001; McCullough, 

1990; Scarff, 1963).  More recently, medical advances and comprehension of the neuropathology 

associated with this condition have made therapeutic interventions more feasible and effective; 

however, there is still no definitive way of preventing or curing hydrocephalus.  This is partly 

because it is a condition with multifactorial etiology, severity ranges between individuals, it can 

manifest at any age, and it can develop secondarily from a variety of other conditions or diseases 

(Del Bigio, 2001b; 2010a). Ventricular dilatation is associated with CSF buildup, where 

mechanical forces often elevate ICP and cause tissue compression followed by subsequent 

ischemic changes that could result in irreversible brain damage or even death if left untreated, 

particularly in infants and children (Del Bigio, 2004a; Foltz & Shurtleff, 1963; Laurence & 

Coates, 1962).  Thus, from both practical and clinical perspectives, the first option for treatment 
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is associated with dealing with the fluid accumulation and reducing the pressure within the 

cranial vault.  As such, the primary and still most effective treatment for hydrocephalus is 

surgery, which is aimed towards either draining the CSF from the ventricles or to remove the 

obstruction that is blocking the normal flow of CSF within the ventricles.  Since there is no cure 

for the condition, it is evident that each type of surgical procedure has its own benefits and 

pitfalls.  Thus, the following discussion will briefly introduce the most frequently used or 

attempted surgical treatments, and then it will discuss their main advantages and limitations, 

which will include the complications associated with surgical interventions.        

  

I.5.1. Ventricular Shunting   

 The most common type of surgery that is used to treat hydrocephalus is shunting (Simon 

et al., 2008). Ventricular shunting is a surgical procedure where an approximately ⅛ inch in 

diameter flexible, silicone elastomer (typically Silastic), proximal catheter tube is inserted into 

the ventricular system, predominantly the lateral ventricles, that is attached to a one-way valve 

system placed outside the skull but beneath the skin that is used to divert excess CSF to another 

body site via a distal catheter where it can be absorbed (Pudenz, 1981).  When draining CSF 

from the ventricles and/or subarachnoid space, the valve functions like an on-off switch by 

opening in response to a change in the differential pressure (DP), which is when the pressure 

across the valve exceeds its opening pressure from the proximal catheter.  There are several types 

of valves and some with additional components to regulate and improve functionality, but they 

are all essentially aimed to normalize the ICP and maintain CSF at normal pressure within the 

ventricular system, while also preventing backward flow of CSF into the ventricles (Ginsburg & 

Drake, 2004).  Most shunts also include a reservoir embedded into the proximal (ventricular) 
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catheter or valve system, which enables access to the system with a needle, where medications or 

dyes can be injected or CSF can be drawn (tapped) to investigate its pressure and/or analyze the 

sampled CSF for infection or immunological response (Ginsburg & Drake, 2004).   

 

I.5.1.1. Types of Ventricular Shunts 

The two types of shunts implanted most frequently are the ventriculoperitoneal (VP) and 

ventriculoatrial (VA) shunt.  These and other kinds of shunts are named according to the 

placement of the proximal and distal catheters that are designed to provide an alternate flow 

pathway for diverting CSF away from the impaired ventricular system.  The VP shunt has a 

peritoneal catheter that diverts the CSF into the abdominal (peritoneal) cavity for reabsorption 

and is used most frequently for treating hydrocephalus.  Alternately, a VA shunt includes an 

atrial catheter that is placed within a vein of the neck (usually the internal jugular vein) and 

passed carefully through the vein to the junction of the superior vena cava and right atrium of the 

heart, so that it can divert the CSF directly into the bloodstream (Chuang et al., 2002; Yavuz et 

al., 2013).  Other types of shunts include the ventriculopleural (VPL) shunt that drains CSF from 

the ventricles to the pleural cavity (lungs) and the lumboperitoneal (LP) shunt that diverts excess 

CSF from the lumbar spine to the abdominal (peritoneal) cavity.    

 

I.5.1.2. Historical Development of Shunts 

The first historical account of a ventricular puncture and drainage was performed by Le 

Cat in 1744, but this procedure was not conducted under more modern, aseptic conditions until 

Wernicke in 1881 (Aschoff et al., 1999).  Continuous ventricular drainage was first depicted by 

Keen in 1891 (Keen, 1891), and the first described “shunt” was implemented by von Mikulicz in 
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1893 using gold tubes and cat-gut strands to divert CSF from the lateral ventricles to subgaleal, 

subarachnoid, and subdural spaces (Aschoff et al., 1999; Chelser et al., 2013; Eghwrudjakpor & 

Allison, 2010; Lifshutz & Johnson, 2001; McCullough, 1990). In the last century, various 

shunting or permanent CSF drainage techniques were employed with very little to mixed success 

in preventing hydrocephalus from reemerging, other complications, or high mortality rates 

(Aschoff et al., 1999; Eghwrudjakpor & Allison, 2010; Lifshutz & Johnson, 2001; McCullough, 

1990).  In the late 1930s, Torkildsen (1939) developed a shunt that successfully drained CSF 

from the ventricles to the cisterna magna (ventriculocisternostomy), which was initially 

beneficial but eventually was associated with high rates of surgical-related morbidity.  However, 

modern day shunting procedures where CSF is diverted to other body sites were largely derived 

from such initial techniques, and numerous drainage spaces in the body have been attempted 

after WWII, which have eventually led to the VP and VA shunts becoming the most popular and 

successful procedures for CSF diversion (Aschoff et al., 1999; Eghwrudjakpor & Allison, 2010; 

Lifshutz & Johnson, 2001; McCullough, 1990; Pudenz, 1981; Scarff, 1963).  As such, 

ventricular shunting has flourished over the years as the first line of treatment for severe 

hydrocephalus.   

 

I.5.1.3. Benefits of Shunts 

Ventricular shunting has many benefits for treating hydrocephalus, including reducing 

mechanically-induced elevated ICP, improving brain structural changes from ventricular 

expansion, and even reversing or protecting the brain from vascular and cellular changes 

associated with the condition.  Although the standard treatment of surgically placing a silicone 

catheter into the ventricles to drain excess CSF has not been altered much over the last 60 or so 
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years (Harris et al. 2010), several technological advances have been implemented to design 

shunting systems that are relatively biocompatible (Del Bigio, 1998a) and attempt to maximize 

the benefits and safety while reducing the potential drawbacks and complications 

(Eghwrudjakpor & Allison, 2010; Lifshutz & Johnson, 2001).  In particular, some catheters and 

tubing have been infused with antibiotics to prevent or reduce post-operative infections; 

numerous adjustable or programmable valve systems have been designed to noninvasively adjust 

DP to meet patients changing needs; incorporating reservoirs can enable medical professionals to 

monitor the ICP and function of the shunts and inject medications to deal with possible 

infections; and other devices like overdrainage control and siphon-resistive devices are aimed to 

assuage concerns with CSF overdrainage. With all these improvements to shunting systems, 

most surgeries are generally successful with ventricular shunting being highly effective at 

appreciably improving the survival and outcome of children with hydrocephalus (Scarff, 1963; 

Tisell, 2005).   

 

In terms of brain structure and other characteristics, shunted hydrocephalic human brains 

show no differences in dimensions and weights compared to normal brains, despite several cases 

of slightly enlarged ventricles (Del Bigio, 2004a).  Hydrocephalic children treated by shunting 

have shown comparable corpus callosal cellularity, myelin, and blood vessels to normal control 

brains (Gadsdon et al., 1979), and shunting leads to decreased atrophy of the corpus callosum 

(Del Bigio et al., 2003).  In addition, cerebral blood flow and capillary patency typically 

normalize after shunting is performed (Brooks et al., 1986; Del Bigio, 1993; Del Bigio & Bruni, 

1988a; Miyamoto et al., 2007; Nishimaki et al., 2004).  It has also been shown using longitudinal 

MR imaging that shunting can reverse myelination delay in hydrocephalic infants (Hanlo et al., 
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1997).  Early shunting in animal models has reversed periventricular white matter myelination 

delays as well (Chumas et al., 1994; Del Bigio et al., 1997c), along with reducing the size of 

ventricles (Del Bigio et al., 1997b).  Other changes associated with early shunting in animal 

models include partial restoration of synapses and neuron size (McAllister et al., 1991; 

Miyazawa & Sato, 1991), reduced interstitial edema and normalized fluid flow and water 

distribution (Jones & Andersohn, 1998; Jones et al., 2000a), ameliorated energy metabolism and 

osmolytes that are associated with behavioural and learning improvements (Del Bigio, 2010a; 

Del Bigio et al., 1997b; Hawkins et al., 1997; Jones et al., 2000a) and some restoration of 

neurotransmitter levels and activity (Harris et al., 1997; Lovely et al., 1989; Otsubo et al., 1997; 

Tashiro & Drake, 1998).  Lastly, like hydrocephalic humans, several studies show that 

hydrocephalic animals often exhibit normalized cerebral blood flow after shunting, along with 

compensated glucose utilization (da Silva et al., 1994; 1995; Harris et al., 1996b; Miyaoka et al., 

1988).  As indicated, most of these changes are only partially beneficial and often require early 

intervention suggesting that ventricular shunting has only relatively limited success in treating 

hydrocephalus.   

 

I.5.1.4. Shunt Complications 

There are also numerous drawbacks and complications associated with surgical treatment 

of hydrocephalus using ventricular shunting.  Before describing the major complications, 

including malfunctions, obstructions, and infections, it is important to briefly discuss the 

financial, cognitive, and sociological/psychological burdens associated with shunt surgery.  This 

is one of the most commonly performed neurosurgical procedures in North America (Shah et al., 

2008), where more than 1000 patients are treated by shunting per year in Canada (Cochrane & 



 63 

Kestle, 2002) and more than 36 000 shunt surgeries per year in the United States where about 20 

000 are associated with pediatric hydrocephalus (Bondurant & Jimenez, 1995; Patwardhan & 

Nanda, 2005; Simon et al., 2008). In the United States, each shunt surgery costs an average of 

$40 000 leading to direct costs of shunt surgeries to exceed $1 billion per year, and the total 

hospital charges for just pediatric hydrocephalus is between $1.4-2.0 billion per year 

(Patwardhan & Nanda, 2005; Simon et al., 2008).  In Canada, these values are much less certain, 

but the direct medical and hospital costs for care of hydrocephalic patients is likely over $100 

million per year (Del Bigio, 1998b).  These North American values do not even include all the 

associated costs with rehabilitation and educational needs of people with hydrocephalus.  In this 

regard, it is known that individuals with hydrocephalus suffer from various motor, cognitive, and 

learning disabilities (Del Bigio et al., 2003; Donnet et al., 2004; Lindquist et al., 2008; Vachha et 

al., 2006).  Even after shunt surgeries, they often tend to suffer from decreased school 

performance and intelligence quotient, along with psychomotor impairments in visual and 

auditory processing and increased risk of seizures (Blount et al., 1993; Enger et al., 2003; 

McGirt et al., 2002; Walters et al., 1984).  As such, they often experience an appreciable 

reduction in quality of life, which can also be related to various socioeconomic factors including 

lower family income, education levels, rates of maintaining employment, obtaining a 

license/driving a vehicle, being in a relationship, and living independently, along with increased 

family dysfunction and socialization issues (Eghwrudjakpor & Essien, 2007; Kulkarni et al., 

2008).  These are all likely exacerbated when multiple surgeries are required due to shunt failure 

and complications (Hunt et al., 1999; Hunt & Oakeshott, 2001; Riva et al., 1994).        
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Although ventricular shunting techniques and devices have been repeatedly modified to 

improve their safety and efficacy, they are associated with one of the higher rates of failure and 

malfunctions compared to most other medical approved devices (Drake et al., 2000; Shah et al., 

2008; Stein & Guo, 2008).  Shunt malfunctions occur in about 30-40% of surgeries during the 

first year, surpasses 50% by the second year, and occur between 70-85% within 10 years 

following implantation, and thus, shunting-related procedures are the most commonly performed 

brain surgery in children, particularly because shunt failures rates in children are about 31% 

during the first year and increases at an average of 4.5% for each subsequent year (Browd et al., 

2006; Enchev & Oi, 2008; Sainte-Rose et al., 1992; Stein & Guo, 2008).  In addition to failures, 

shunting revisions are often necessary because they are associated with a variety of 

complications, which include malfunctions, obstructions, infections, and degradation of the 

different shunt components (Sciubba et al., 2007; Stein & Guo, 2008; Yavuz et al., 2013), and 

these various issues exacerbate hydrocephalic patient morbidity and mortality (Epstein, 1985; 

Riva et al., 1994; Smith et al., 2004). In terms of shunt malfunctions and degradation, it is 

possible for shunt catheters to erode, break, become disconnected, or migrate, which is further 

complicated if there is degradation or over- and underdrainage of CSF by valve systems, and 

these concerns tend to occur with infant and child growth (Gaudio et al., 1988; Lundar et al., 

1991; McCullough, 1990; Stein & Guo, 2008; Tsingoglou & Forrest, 1968).  Coinciding with 

degradation and malfunctions, about 10-15% of shunt surgeries are susceptible to bacterial 

infections, such as staphylococcus epidermis, and more rarely fungal infections occur, especially 

when shunts are implanted (Aschoff et al., 1999; Kulkarni et al., 2001; McGirt et al., 2002; 

Sciubba et al., 2007), along with obstruction or occlusion of CSF flow because of catheter 

breakage, disconnection, or degradation (Browd et al., 2006; Del Bigio & Federoff, 1992; Harris 
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et al., 2010).  Tissue obstruction of the catheter occurs in approximately 60% of patients, where 

various tissue and cell types adhere to the catheters particularly glial cells (mainly astrocytes and 

microglia), along with ependymal cells, macrophages, and choroid plexus epithelial cells (Del 

Bigio, 1998a; Del Bigio et al., 2003; Harris et al., 2010; McAllister, 2012; Sekhar et al., 1982).  

Related to this, some cellular and vascular changes that occur with hydrocephalus cannot be 

reversed by shunting, including regrowth of the ependymal lining and severed axons, robust 

proliferation of oligodendrocytes and neurons, periventricular reactive astrogliosis, and 

periventricular capillary configuration after compression (Aoyama et al., 2006; Del Bigio, 1993; 

2001b; Del Bigio & Bruni, 1988a; Fukushima et al., 2003; Takei & Sato, 1995; Wozniak et al., 

1975).  With all these complications, coupled with shunting not completely reversing the 

pathologic alterations in the brain, it is not surprising that new treatments and surgical 

procedures are being explored to effectively treat hydrocephalus.   

 

I.5.2. Endoscopic Third Ventriculostomy  

Although ventricular shunting is the most common surgical treatment for hydrocephalus, 

particularly obstructive hydrocephalus, endoscopic third ventriculostomy (ETV) is reemerging as 

a popular viable alternate option for many patients.  ETV is a surgical procedure where a small 

opening is made at the floor of the third ventricle to enable obstructed CSF to flow out of the 

ventricular system into the interpeduncular cistern, which is located within the subarachnoid 

space where CSF normally flows after exiting the foramina at the base of the fourth ventricle 

(Decq, 2005).  This procedure is often considered when obstructive hydrocephalus emerges due 

to aqueductal stenosis to bypass the blocked cerebral aqueduct and/or fourth ventricle and relieve 
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elevated ICP (Decq, 2005; Eghwrudjakpor & Allison, 2010; Tisell et al., 2000).  Unfortunately, 

neither ETV nor shunting are definitive cures for this heterogeneous condition.         

 

I.5.2.1. Historical Development of ETV  

When Dandy and Blackfan (1913) had classified hydrocephalus as obstructive (non-

communicating) and non-obstructive (communicating) in origin, they also recognized that two 

types of treatment should be implemented depending on the cause of ventricular enlargement.  

As such, Dandy (1922) established third ventriculostomy through open craniotomy, where he 

punctured through the floor of the third ventricle (posterior ventriculostomy) as a surgical means 

of bypassing aqueductal stenosis by diverting CSF through brain tissue to treat obstructive 

hydrocephalus (Aschoff et al., 1999; McCullough, 1990; Scarff, 1963).  Meanwhile, Mixter 

(1923) had performed the third ventriculostomy with the use of an endoscope (ETV), but he only 

operated on one patient and did not pursue this method further. During that time, third 

ventriculostomy became the most common treatment method for hydrocephalus (Eghwrudjakpor 

& Allison, 2010).  The procedure was modified by Stookey and Scarff (1936), who perforated 

the thinned floor of the third ventricle into the interpeduncular cistern after entering the ventricle 

anteriorly through the lamina terminalis (anterior ventriculostomy), which they reached either 

through a subfrontal or subtemporal pathway (Aschoff et al., 1999; Lifshutz & Johnson, 2001; 

Scarff, 1963).  Though these procedures often arrested hydrocephalus, there were high morbidity 

and mortality rates associated with the surgery (Eghwrudjakpor & Allison, 2010; Lifshutz & 

Johnson, 2001; McCullough, 1990).  Increased success rate and reduced complications and 

mortality were achieved when McNickle (1947) refined the procedure using a percutaneous 

method, which was followed shortly by medical advances enabling the use of a stereotactic 
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frame, the leucotome, and other devices to improve third ventriculostomy and other surgical 

procedures (Eghwrudjakpor & Allison, 2010; Kelly, 1991).  However, the development of 

biocompatible, synthetic catheters and valve-regulated shunts in 1949 by Nulsen and Spitz, along 

with silicone, one-way slit valves in 1955 by Pudunz and Holter, led to a resurgence of 

ventricular shunting procedures because they were able to regulate CSF drainage and reduce 

complications (Aschoff et al., 1999; Lifshutz & Johnson, 2001; McCullough, 1990; Nulsen & 

Spitz, 1952; Pudenz et al., 1957; Scarff, 1963).  Thus, third ventriculostomy waned particularly 

between 1956 and 1961, which enabled shunting to become the more common modality of 

treatment for the next few decades (Aschoff et al., 1999; Drake & Sainte-Rose, 1995).  During 

the 1980s and 1990s, endoscopy had reemerged in neurosurgical procedures partly because of 

the need for more precise ventricular catheter placement (Eghwrudjakpor & Allison, 2010; 

Lifshutz & Johnson, 2001; Walker et al., 1992).  Major technological and medical advances 

brought forth the renewed interest for ETV as a viable and commonly performed alternate 

treatment for obstructive hydrocephalus, particularly for those with acquired or late-onset 

occlusive hydrocephalus (Aschoff et al., 1999; Decq, 2005; Tisell, 2005).                 

 

I.5.2.2. Benefits of ETV 

In principle, ETV is a well-devised and efficacious surgical procedure for treating 

obstructive hydrocephalus for various fundamental reasons.  First, aqueductal stenosis is the 

most common cause of obstructive hydrocephalus, so diverting CSF from the third and lateral 

ventricles through the floor of the third ventricle directly into the subarachnoid space is 

beneficial for relieving elevated ICP, as well as reducing ventriculomegaly (Scarff, 1963).  

Second, the interpeduncular cistern is located within the subarachnoid space, where CSF 
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normally flows over the surface of the cerebral cortex before being absorbed by the arachnoid 

granulations/villi, so this procedure attempts to restore normal CSF dynamics despite having an 

occluded aqueduct and/or fourth ventricle (Eghwrudjakpor & Allison, 2010).  Third, the floor of 

the third ventricle is very thin, so it is unlikely to close after the surgical opening is made.  

Fourth, the cerebral peduncles surround the interpeduncular cistern, which prevent it from 

collapsing after surgery (Scarff, 1963).  

 

I.5.2.3. Advantages of ETV Over Shunt Systems 

ETV has several advantages over traditional shunting procedures.  First, it is a relatively 

simple, low risk procedure compared to ventricular shunting, which requires permanent 

implantation of a surgical device that is prone to infection, occlusion, and/or degradation.  Thus, 

it offers a more viable option with reduced chance of infection and no risk of tissue reaction 

(Decq, 2005; Eghwrudjakpor & Allison, 2010).  The surgical procedure also takes less time to 

perform and requires fewer incisions than shunting, and it avoids the likelihood of CSF over-

drainage (Eghwrudjakpor & Allison, 2010).  It has a high success rate for obstructive 

hydrocephalus where overall rates range between 50-94%, which is typically highest in adult 

patients with recent-onset aqueductal stenosis (Amini & Schmidt, 2005; Beems & Grotenhuis, 

2002; Decq, 2005; Eghwrudjakpor & Allison, 2010; Kelly, 1991).  Furthermore, ETV revisions 

are rare and so are long term complications, whereas shunts are highly prone to malfunctions or 

complications and need to be revised or replaced (Eghwrudjakpor & Allison, 2010; Sciubba et 

al., 2007; Stein & Guo, 2008; Tisell, 2005; Yavuz et al., 2013).                

 

I.5.2.4. ETV Complications 
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 Despite these advantages over shunting procedures, ETV is not without its own 

complications and problems.  Some studies have examined the complication rates, and they 

range between about 8-14% amongst pediatric and adult patients with hydrocephalus (Amini & 

Schmidt, 2005; Beems & Gtotenhuis, 2002). A very serious drawback of ETV is potential 

internal bleeding in different brain regions including the choroid plexus, the interpeduncular 

cistern, the ventricular walls, or the location of the ventriculostomy, which could be due to 

damage to the basilar artery or its pontine perforating branches (Amini & Schmidt, 2005; 

Eghwrudjakpor & Allison, 2010; Kim et al., 2004).  Such bleeding could lead to catastrophic 

brain hemorrhage or brain stem infarction, while subdural or intraparenchymal hemorrhages are 

also possible, along with infections, but these latter complications are less likely. ETV is also not 

recommended for all patients with hydrocephalus, which is another drawback of this procedure.  

In particular, individuals with obstructive rather than non-obstructive hydrocephalus are much 

more likely to have a successful surgery (Amini & Schmidt, 2005).  Higher success rates are also 

found in patients that are older than one year, as infants have not fared as well, especially 

compared to older age groups, which is potentially related to appreciable brain development 

during the first year of life (Balthasar et al., 2007; Koch & Wagner, 2004). Ventricular 

enlargement should also be present, but not severe enough that ependymal denudation or major 

distortion of the ventricles has taken place, nor should subarachnoid hemorrhage or infection be 

present because all these factors will greatly reduce the likelihood of success with ETV 

(Eghwrudjakpor & Allison, 2010; Tisell, 2005).  Although ETV revisions are relatively rare and 

are often successful, there are potential complications of repeated surgeries, including pulmonary 

edema, elevated ICP, convulsions, and/or cardiac arrhythmia (Siomin et al., 2001).  Lastly, ETV 

failure is possible, where patients do not show improvements despite a patent ventriculostomy, 
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and they often have to resort to implantation of a ventricular shunt device (Amini & Schmidt, 

2005; Eghwrudjakpor & Allison, 2010; O’Brien et al., 2005; Tisell, 2005).  

 

I.5.3. Choroid Plexectomy  

  During the time that Dandy and Blackfan (1913) had distinguished between obstructive 

(non-communicating) and non-obstructive (communicating) hydrocephalus, Dandy (1918; 1919) 

had devised an additional treatment from third ventriculostomy, which was referred to as choroid 

plexectomy. This surgical procedure involved bilaterally resecting or destroying the choroid 

plexuses within the lateral ventricles to treat non-obstructive hydrocephalus.  He had reasoned 

that since non-obstructive hydrocephalus was due primarily to issues with CSF absorption in the 

subarachnoid spaces, it would be effective to remove the source of CSF production, which at the 

time was believed to be solely performed by the choroid plexus (McCullough, 1990).  In these 

early studies, despite the success of plexectomy in dogs and supposedly curing one human 

patient, the other three patients died following the open operation.  Although the procedure led to 

high mortality rates due to technical difficulties and severe shock to the patients because CSF 

drainage was required before avulsing the choroid plexuses (Scarff, 1963), it was used 

commonly to treat infantile hydrocephalus in the United States during that time (Lifshutz & 

Johnson, 2001). The procedure was later refined in the 1930s by Putnam (1934) and Scarff 

(1942) using endoscopic cauterization that did not require CSF drainage and reduced operative 

shock in the patient, but the mortality rates were still around 25% and many of the surviving 

patients suffered from learning or cognitive disabilities (Scarff, 1963).  In the 1950s, CSF 

production was decreased by irradiating the choroid plexus, but this procedure had major 

detrimental effects to the CNS and was not utilized after (Vieten, 1952).  It was not until the 
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1960s that plexectomy was able to achieve a mortality rate at 5% by Scarff (1970) and much 

later at only 1% by Griffith (1992).  Despite these improvements over the years, it is rarely 

employed today because approximately two-thirds of patients eventually require a shunt to be 

implanted after the plexectomy surgery (Pople & Griffith, 1993), particularly because most 

patients experienced ventricular dilatation at the same or further extent than preoperatively, 

which coincided with other complications (Lifshutz & Johnson, 2001; Pudenz, 1981). 

 

I.6. NONSURGICAL TREATMENTS FOR HYDROCEPHALUS* 

*Please note that a modified version of this chapter section was recently published as a Review 

Paper in Fluids and Barriers of the CNS (Del Bigio & Di Curzio, 2016). 

   

Figure I.3. Timeline/investigation sequence for potential effective non-surgical treatments for 

hydrocephalus.  Whether the mechanism of injury is a causative factor or a pathological marker 

for hydrocephalus, non-surgical drug treatments should first be investigated in hydrocephalic 

animal models with small brains to establish proof of principle for possible clinical efficacy in 

humans.  If beneficial outcomes are discovered in animals with small brains, such as mice and 
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rats, therapeutic efficacy should next be confirmed in hydrocephalic animal models with larger, 

complex brains.  If confirmed, therapeutic investigation could then be proposed or recommended 

in clinical human trials for treating hydrocephalus. 

 

 As indicated above, there is currently no definitive cure for hydrocephalus.  Most patients 

are treated through surgery by a shunting system, where CSF is diverted from the cerebral 

ventricles to another body site, or more recently by ETV, where CSF dynamics are rerouted to 

the subarachnoid space after surgically opening the floor of the third ventricle (Aschoff et al., 

1999).  Shunting is still used most commonly because of its relative success rate to manage the 

condition (Tisell, 2005), and ETV has shown reasonable efficacy in controlled trials of pediatric 

hydrocephalus particularly for aqueduct stenosis (Eghwrudjakpor & Allison, 2010; Limbrick et 

al., 2014; Rasul et al., 2013). Despite this, treatment by shunting and ETV is associated with 

frequent complications, particularly obstruction and infection in young infants, which add to 

morbidity and mortality.  Because of the potential for complications, neurosurgeons may be 

hesitant to operate on young (especially preterm) infants with hydrocephalus. However, 

enlarging ventricles and delayed shunting might be associated with progressive brain damage 

(Del Bigio et al., 1997c).  

 

Over the centuries since hydrocephalus was first identified, several unsuccessful 

nonsurgical treatments have been attempted consisting of various medications, purgatives, and 

diuretics, as well intraventricular injections and head wrapping, among other more invasive 

approaches (Lifshutz & Johnson, 2001; McCullough, 1990).  More recently and particularly over 

the last six decades, complications associated with surgery has prompted a resurgence in research 
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to develop nonsurgical means for effectively managing hydrocephalus. Three main categories of 

treatment have been explored in animal models and, in some situations, hydrocephalic patients. 

These include reducing CSF production, reducing the inflammatory and fibrotic processes that 

occur following brain hemorrhage or meningitis, and “protection” of brain cells and axons after 

ventriculomegaly has developed. The latter category is intended as a supplemental intervention 

to enable a safe delay in surgical shunting of hydrocephalus.  

 

I.6.1. Osmotic and Diuretic Agents 

 The earliest drug therapies for hydrocephalus were directed toward decreasing CSF 

production or dehydrating the brain fluid system by diuresis.  An early pharmacologic therapy 

investigated in the 1920s that attempted to treat hydrocephalus was the diuretic agent theobromin 

sodio salicylate, which stabilized the head size of 6 infants with progressive hydrocephalus 

(Marriott, 1924).  As shunting systems were becoming more widely used in the 1950s and early 

1960s, several osmotic and diuretic agents were being examined to manage hydrocephalus.  At 

the time, it was often the case that clinical testing of a drug in hydrocephalic children would 

proceed based on an appropriate physiological response in normal animal models, and a 

pharmacological review of these agents was previously published by Poca and Sahuquillo 

(2005).  In terms of osmotic agents, many were examined commencing in the early 1960s in both 

animal models of obstructive hydrocephalus and clinical trials of infantile and NPH, where some 

short-term benefits were found in dogs with obstructive hydrocephalus.  In particular, mannitol 

and erythritol are sugar substitutes that can both act as osmotic diuretics, and they transiently 

decreased the ICP in hydrocephalic dogs after intravenous administration (Mase et al., 1990). 
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Meanwhile, oral administration of another osmotic diuretic, isosorbide, which is a dihydric 

alcohol derived from sorbitol, briefly reduced the CSF pressure in dogs (Wise et al., 1966).  

 

In a group of clinical studies with infants and children (and a few adults), similar short-

term benefits were observed with these agents. One study found transiently decreased ICP with 

rebound above baseline in two hydrocephalic children treated with mannitol or urea, along with 

briefly reduced ventricular CSF pressure with oral isosorbide in 14 hydrocephalic children, 

although half the children that were given multiple doses exhibited a rebound above the baseline 

(Hayden et al., 1968).  Several clinical studies in the 1970s used isosorbide and examined mainly 

infants and young children for 1 day to almost 2 months after multiple oral administration and 

found temporary reductions in ICP and CSF pressure and/or head size, but many trials showed 

adverse effects (Hayden & Shurtleff, 1972; Nieto Barrera et al., 1977; Shurtleff & Hayden, 1972; 

Shurtleff et al., 1973).  Other clinical trials by Lorber found similar transient improvements, and 

he concluded that isosorbide was an effective adjunct for temporarily controlling ICP prior to 

shunting, but not a replacement for surgery except perhaps in a minority of infants with 

myelomeningocele (Lorber, 1972; 1973; 1975; Lorber et al., 1983). More recently, a small, 

controlled trial found that isosorbide was not effective in reducing shunt requirement in children 

with myelomeningocele (Liptak et al., 1992).  Some clinical studies have examined another 

diuretic and oral osmotic agent, glycerol, which is a trivalent alcohol that was shown to reduce 

ICP and was considered a potential therapeutic agent for managing hydrocephalus (Cantore et 

al., 1964); however, mixed results have been obtained depending on the age of onset and type of 

hydrocephalus.  Although NPH patients displayed an increase in cerebral blood flow after 

glycerol administration, which seemed to predict good response to shunt surgery (Shimoda et al., 
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1994), other adults with hydrocephalus subsequent to metastatic brain cancer and premature 

infants with hydrocephalus exhibited no obvious benefit from treatment (Hill & Volpe, 1981; 

Yamanaka et al., 2011).  Meanwhile, the diuretic triamterene reduced symptoms in three adults 

with chronic hydrocephalus (Penisson-Besnier et al., 1993). 

 

I.6.2. Interference with CSF Production 

Acetazolamide, a carbonic anhydrase inhibitor, and furosemide, a diuretic agent that 

inhibits the Na-K-2Cl symporter located in the distal renal tubules, have been studied extensively 

in animal and human studies.  In animal research, acetazolamide was shown to decrease CSF 

flow and ICP in rabbits and cats (Maren & Robinson, 1960; Tschirgi et al., 1954), and this was 

associated with direct inhibition of CSF production as the choroid plexus has high levels of the 

enzyme.  Recent animal studies have displayed mixed results where veterinary use of 

acetazolamide in hydrocephalic dogs was not effective (Kolecka et al., 2015), whereas lateral 

ventricle size was decreased in young adult rats 1 day after intraventricular injection of thrombin 

(Gao et al., 2014; 2016), but ventricular dilatation was minimal and survival time was not long 

enough to be meaningful.  Furosemide has also shown mixed outcomes in CSF production, 

where it was decreased in rabbits but not in healthy cats and dogs, and it is less potent than 

acetazolamide (Domer, 1969; McCarthy & Reed, 1974).  Glucocorticoid steroids, such as 

intravenous dexamethasone or methylprednisolone, caused a 40% reduction in CSF flow for 

approximately 6 hours without diuresis or changes in blood pressure in normal dogs and in dogs 

with kaolin-induced hydrocephalus (Sato, 1967; Weiss & Nulsen, 1970).   
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Numerous clinical studies with different types of hydrocephalus in infants and children 

have shown little benefit in reducing CSF production or effectively treating the condition, despite 

early promise. Acetazolamide exhibited some clinical benefit in small trials with children in the 

1950s and 1960s (and one in the 1990s) (Birzis et al., 1958; Elvidge et al., 1957; Huttenlocher, 

1965; Mercuri et al., 1994; Ricci & Copaitich, 1959).  Despite this, studies in the late 1960s 

found that acetazolamide inconsistently decreased CSF production and had negligible therapeutic 

benefit in children (Cutler et al., 1968; Mealey & Barker, 1968; Schain, 1969), whereas 

furosemide was beneficial in managing a hydrocephalic child (Vinas et al., 1967).  Later studies 

in the 1980s and 1990s combined furosemide and acetazolamide and found mixed results and 

potential benefits (Libenson et al., 1999; Pouplard & Pineau, 1990), where one study displayed 

early arrest of hydrocephalus but poor long-term outcome in two premature infants with PHH 

(Chaplin et al., 1980), and a randomized control trial did not find any benefits in premature 

infants with post-hemorrhagic ventricular dilatation (PHVD)  (International PHVD Drug Trial 

Group, 1998; Kennedy et al., 2001), which was reaffirmed in a subsequent systematic review 

(Whitelaw et al., 2001).  Alternately, another study using this drug combination led to an 

avoidance of shunt requirement in about half the infants/children without myelomeningocele and 

about 25% in those with myelomeningocele (Shinnar et al., 1985).  Digoxin, an inhibitor of 

Na+/K+ ATPase, reduced CSF production in hydrocephalic children (Allonen et al., 1977), but it 

did not prevent increased head size in hydrocephalic infants (Bass et al., 1979). Dexamethasone 

provided shunted hydrocephalic children with symptomatic slit ventricle syndrome temporary 

relief of symptoms, but most of them needed subsequent surgical intervention (Fattal-Valevski et 

al., 2005). 
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Adults with NPH exhibit a transient reduction in ICP after receiving a bolus of 

acetazolamide that was shown to be predictive of good response to shunting (Miyake et al., 

1999). A bolus of acetazolamide normally elevates cerebral blood flow temporarily, but this is 

impaired with NPH (Chang et al., 2000) possibly because of stretching and compression of blood 

vessels that decrease vasodilation (Yamada et al., 2013), but this blunted response is thought to 

be predictive of good response to shunting (Chang et al., 2009).  Oral administration of 

acetazolamide in NPH patients was found to increase cerebral blood flow and reduce 

periventricular hyperintensities in more than half of them (Alperin et al., 2014; Ivkovic et al., 

2015).  These studies in adults with chronic and/or NPH using pharmacological treatments 

affecting CSF production have shown somewhat more promising results than in infants and 

children, suggesting that type and/or age of hydrocephalus onset may contribute to potential 

therapeutic benefits. 

 

I.6.3. Choroid Plexus Destruction 

Although choroid plexectomy was first proposed almost 100 years ago (Dandy, 1918) 

and has been successfully combined with ETV much more recently (Warf, 2005), nonsurgical 

attempts of destroying the choroid plexus have also been explored. In the 1960s and 1970s, there 

have been several attempts to inject various radioactive agents into the ventricles of cats and 

dogs with kaolin-induced hydrocephalus. In particular, gold-198 in colloidal form caused 

necrosis of the choroid plexus and reduced CSF production (Rish & Meacham, 1967; Weiss et 

al., 1972; Weiss & Roessmann, 1972), whereas rhenium-188 (Bardfeld & Shulman, 1976) and 

technetium-99m (Bernstein et al., 1969) were ineffective.  In hydrocephalic infants, one study 

involved intraventricular injection of radioactive chromic phosphate-phosphorus-32 that arrested 
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head growth, but long-term results were not reported (Christensen & Gonzalez Toledo, 1971). 

Despite some marginal success, radioactive agents have not been pursued further, presumably 

because of the high potential for side effects. Alternately, choroid plexus destruction using ricin 

toxin conjugated to antibodies that bind to the epithelial cells has been proposed as a means for 

managing hydrocephalus (Surash et al., 2011; Timothy et al., 2004), but all of the data are from 

cell culture models with no published experiments performed in animal models.  

 

I.6.4. CSF Pathway – Interference with Inflammation and Fibrosis 

Since hydrocephalus can develop secondarily from inflammation and fibrosis, 

particularly following subarachnoid hemorrhage (SAH) or IVH and meningeal infection 

(Berman & Banker, 1966; Cherian et al., 2004b; Massicotte & Del Bigio, 1999; Sajant et al., 

2001; Strahle et al., 2012), interference with the inflammatory and fibrosing processes has the 

potential for preventing the development of hydrocephalus. Anti-inflammatory agents have been 

tested experimentally and used clinically in meningitis and PHH.  In particular, rabbits with 

meningitis caused by S. pneumoniae display heightened resistance to CSF outflow, but 

methylprednisolone treatment given within 1 day after the bacterial inoculation led to normalized 

CSF outflow by potentially reducing inflammation (Scheld et al., 1980).  One study showed that 

after 2-weeks of intraventricular blood injections, adult rabbits develop hydrocephalus, but the 

severity of hydrocephalus was appreciably less when intramuscular but not intraventricular 

methylprednisolone was administered concurrently with the blood injections (Wilkinson et al., 

1974). Although ventricle size was not assessed, another study found that intrathecal 

dexamethasone not did reduce fibrosis at 3 weeks or even 3 months in dogs that developed post-



 79 

hemorrhage fibrosis in the subarachnoid space from autologous blood injection into the cisterna 

magna (Julow, 1979b). 

 

In humans, a randomized study of children with tuberculous meningitis suggests that high 

vs. low dose of prednisolone may increase the risk of developing hydrocephalus (Shah & 

Meshram, 2014). Meanwhile, a child that developed hydrocephalus after suffering from a rare 

congenital autoimmune disease called chronic infantile neurologic, cutaneous, articular (CINCA) 

syndrome that is characterized by neonatal-onset chronic meningitis was effectively treated with 

anakinra, which is a recombinant interleukin-1-receptor antagonist (Rigante et al., 2006).  In 

adults with bacterial meningitis, a retrospective study potentially linked increased brain ventricle 

size in the acute phase of bacterial meningitis with increased mortality (Sporrborn et al., 2015). 

In studies investigating corticosteroids to treat tuberculosis meningitis, they have not reduced the 

prevalence of subsequent hydrocephalus (Prasad & Singh; 2008; Schoeman et al., 1997), nor 

have they shown much benefit in decreasing mortality or preventing residual neurological 

deficits in survivors (Critchley et al., 2013). 

 

I.6.5. Enzymatic Dissolution of Intraventricular or Subarachnoid Blood Collections 

Thrombolytic agents that are able to activate plasminogen and dissolve blood clots have 

been examined and shown some benefits in experimental animal models and human clinical 

trials of hemorrhagic stroke where subsequent hydrocephalus has developed.  These plasminogen 

activators include a serine proteinase, tissue plasminogen activator (tPA); the proteolytic enzyme 

urokinase (or urokinase-type plasminogen activator (uPA)) found in urine, blood, and 

extracellular matrix (Pepper, 2001); and a bacterial enzyme, streptokinase that can activate or 
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cleave plasminogen (Keramati et al., 2013).  After experimental SAH was induced in cats using 

an intracisternal blood injection, they were treated with an infusion of intrathecal tPA 1 day after 

the injection and did not develop hydrocephalus after 7 days (Brinker et al., 1992).  In pigs with 

experimental IVH, tPA treatment displayed some benefits by lysing the blood clot quicker and 

decreasing the ventricle size at 1 week compared to untreated pigs, but comparable ventricle size 

was observed by 6 weeks (Mayfrank et al., 1997; 2000).  In dogs with experimental SAH, 

intrathecal urokinase reduced fibrosis (Julow, 1979a) and increased the quantity of macrophages 

compared to control dogs (Julow et al., 1979) in various regions of the subarachnoid 

compartment. Another dog study showed that urokinase dissolved the blood clot much quicker 

after IVH was induced compared to untreated dogs and significantly reduced the development of 

progressive hydrocephalus (Pang et al., 1986).  A recent study examined the short-term 

therapeutic benefits of both activators, which were infused in the lateral ventricle shortly after 

young adult rats experienced brain hemorrhage using the collagenase model, and they both 

decreased ventricle size after 3 days with urokinase also showing behavioural benefits (Gaberel 

et al., 2014). 

 

In infants and children, clinical trials with thrombolytic agents have also shown some 

promise but not definitive success for PHH. In a series a clinical trials in infants with PHH 

following premature IVH conducted by Whitelaw and colleagues, intraventricular tPA showed 

early success by preventing the need for shunt therapy in ~55-75% of survivors (Whitelaw et al., 

1996; 2003). In a subsequent multicenter randomized trial, tPA combined with CSF washing 

(drainage, irrigation, and fibrinolytic therapy; DRIFT) did not improve survival or reduce shunt 

requirement, but the survivors showed decreased severity of cognitive impairment that was 
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unrelated to brain volume changes (Jary et al., 2012; Whitelaw et al., 2007; 2010).  

Intraventricular urokinase has also decreased shunt requirement in a clinical trial of premature 

infants with IVH (Hudgins et al., 1994; 1997), but it was not successful in preventing shunt 

surgery in another study when administered after several lumbar punctures and diuretic 

treatment, suggesting that it should be given early after hemorrhage and/or clot formation 

(Hansen et al., 1997).  Intraventricular streptokinase use in IVH and subsequent PHH in infants 

has had very limited success, where one study showed no major adverse effects (Whitelaw et al., 

1992), but other studies and reviews have found no appreciable clinical benefit for streptokinase 

and are uncertain about the safety and efficiency of fibrinolytic treatments (Haines & Lapointe, 

1999; Luciano et al., 1997; Mazzola et al., 2014; Whitelaw & Odd, 2007; Yapicioglu et al., 

2003).  More recent reviews have indicated that thrombolytic agents are ineffective in preventing 

PHH development and reducing shunt requirement in infants with IVH (Mazzola et al., 2014; 

Shooman et al., 2009; Whitelaw & Aquilina, 2012). 

 

Similar thrombolytic approaches have been used in adults with IVH or SAH and 

subsequent PHH, but have shown slightly more success than infants.  Intraventricular tPA alone 

or in combination with lumbar or ventricular drainage was able to resolve blood clots or decrease 

rebleeding, decrease ventricular size, and/or reduce the need for shunt implantation (Dey et al., 

2015; Mayfrank et al., 1993; Ramakrishna et al., 2010; Staykov et al., 2009; Ziai et al., 2014), 

but more complications were found with bilateral ventricular drainage and blood clots were not 

rapidly dissolved in the third and fourth ventricle (Staykov et al., 2010; 2011).  Another recent 

trial and meta-analysis suggest that intraventricular tPA is not noticeably beneficial for treating 

IVH or SAH nor for reducing shunt requirement for subsequent PHH (Gerner et al., 2014; Shi et 
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al., 2015). It was recently suggested that tPA may not be effective for reducing hydrocephalus 

because rapid blood clot lysis may lead to an inflammatory response (Kramer et al., 2015). 

Intraventricular urokinase has also had limited success for severe IVH and hydrocephalus in 

adults, where improved outcome was found in terms of reducing mortality and slightly 

decreasing ventricular shunt placement, but there was also a high prevalence for poor 

neurological outcome in survivors (Todo et al., 1991; Torres et al., 2008; Tung et al., 1998).  

Overall, fibrinolytic agents have shown only slight benefits for IVH and SAH treatment in 

preventing PHH and its associated complications, but recent evidence suggests that these agents 

are not recommended for treating hydrocephalus. 

 

I.6.6. Extracellular Matrix Molecules in Subarachnoid Space 

Extracellular molecules can accumulate in brain parenchyma and the subarachnoid 

compartment following brain insults, such as hemorrhage or inflammation, which can both lead 

to hydrocephalus.  Thus, some studies have looked at different enzymes, such as matrix 

metalloproteinases (MMP) and hyaluronidase, which can degrade various extracellular matrix 

molecules including different proteoglycans and hyaluronic acid.  One study used a single 

intracerebroventricular injection of chondroitinase ABC in rabbits with IVH and PHVD to 

examine its effect on the expression of chondroitin sulphate proteoglycans (CSPGs) in brain 

tissue, and although several CSPGs were reduced, ventricular enlargement and gliosis were not 

ameliorated and the subarachnoid compartment was not examined (Vinukonda et al., 2013). In 

hydrocephalic rats and human infants, elevated MMP9 and pro-MMP9 levels were found in the 

CSF, and most of those infants with heightened MMP9 did not require shunt placement 

(Okamoto et al., 2008; 2010; Zhang et al., 2013). Despite this, the MMP9 level was skewed 
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because it was extremely high in 2 children. Meanwhile, intrathecal hyaluronidase administration 

showed promise for treating tuberculosis-associated hydrocephalus in small clinical studies, but 

is currently of historical interest only (Garg et al., 2011). An early report suggested it showed 

temporary efficacy for myelomeningocele (Gegalian, 1979), while another trial claimed it was 

superior to CSF shunting (Gourie-Devi & Satish, 1980).  Later studies were less optimistic, 

where one trial found similarly improved level of consciousness and mentation but was 

otherwise less effective than shunt surgery (Bhagwati & George, 1986), while another clinical 

trial found that hyaluronidase reduced ICP but showed a low prevalence of reducing ventricle 

size in children with tuberculosis-associated hydrocephalus (Schoeman et al., 1991).  Overall, 

reducing extracellular matrix molecule accumulation has showed limited success in treating 

different forms of hydrocephalus. 

 

I.6.7. Transforming Growth Factor Beta 

 Due to limited success and failures associated with immune suppression, blood lysis, and 

extracellular matrix digestion for managing hydrocephalus, several researchers have taken a 

more targeted approach by examining transforming growth factor beta (TGF-β). TGF-β is a 

growth factor involved in multiple functions including cell proliferation, differentiation, 

apoptosis, activating various cytokines and immunological cell types, and is released by platelets 

when they aggregate to form blood clots, where it regulates the proliferation of leukocytes and 

fibroblasts and the synthesis of extracellular matrix proteins at sites of inflammation and 

infection (Wahl et al., 1993).  During the 1990s, it was discovered that elevated TGF-β1 levels 

were found in the CSF of adults with SAH that developed hydrocephalus (Kitazawa & Tada, 

1994), and an intrathecal injection or overexpression of TGF-β1 in mice can induce 
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hydrocephalus (Galbreath et al., 1995; Kanaji et al., 1997; Tada et al., 1994) due to 

inflammatory astrogliosis along with fibrosis in the leptomeninges (Nitta & Tada, 1998; Wyss-

Coray et al., 1995). It was later found that the TGF-β1 overexpressing transgenic mice display 

hyperplasia and CSF obstruction in the subarachnoid compartment, and ventriculomegaly 

commences around P15 (Cohen et al., 1999; Hayashi et al., 2000; Moinuddin & Tada, 2000).  

Several later studies also found evidence indicating that increased TGF-β1 following brain injury 

or IVH in premature infants and animal models was associated with PHH and deposition of 

extracellular matrix proteoglycans in brain tissue (Cherian et al., 2003; 2004a; Crews et al., 

2004; Douglas et al., 2009; Heep et al., 2004; Lipina et al., 2010; Whitelaw et al., 1999), 

although one study found evidence using a CSF assay that TGF β1 and TGF β2 do not play an 

integral role in inducing PHH in adults (Kaestner & Dimitriou, 2013). 

 

From these discoveries, pharmacological interference with the TGF-β1 pathway has been 

investigated to treat or prevent experimental hydrocephalus. In TGF-β1 injection-induced 

hydrocephalic mice, intracerebroventricular infusion of the anti-fibrotic mitogen recombinant 

human HGF decreased ventriculomegaly, normalized CSF flow, decreased meningeal collagen 

fibers, and improved spatial memory (Tada et al., 2006).  Another study tested the antifibrotic 

agent, pirfenidone, and angiotensin II type 1 receptor antagonist, losartan, which both reduce 

TGF-β expression and inflammation in the lungs and other tissues (Cherion et al., 2004a; Iyer et 

al., 1999), but neither drug improved behavioural impairment nor reduced ventricular expansion 

(Aquilina et al., 2008).  Additional animal studies have been performed with drugs that target 

TGF-β1 inhibition or binding and have found beneficial results, but none of them examined 

ventricle enlargement prior to drug administration to confirm hydrocephalus.  One study used 
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infusion of thrombin in the subarachnoid space of adult rats to mimic SAH changes, such as 

elevated TGF-β1 expression and meningeal collagen accumulation, and collagen accumulation 

was prevented by injecting the TGF-β1 inhibitor SB-431542 into the cisterna magna before 

thrombin injection (Li et al., 2013b).  Another study by Botfield and colleagues (Botfield et al., 

2013) involved injecting young rats with kaolin that was either infused or not with decorin, 

which is an extracellular leucine-rich proteoglycan that binds to TGF-β and inhibits its activity to 

prevent inflammatory scarring or fibrosis (Border et al., 1992; Kolb et al., 2001; Yamaguchi et 

al., 1990).  They found that decorin-treated rats displayed little to no ventriculomegaly, reduced 

reactive glial and inflammatory responses, and fibrosis was blocked by reducing expression of 

TGF-β1 and Smad2/3 and the deposition of extracellular matrix molecules in the subarachnoid 

space, but the study was compromised by a large number of exclusions from the decorin group. 

However, a follow-up experiment is planned with delayed (1 week) initiation of decorin 

treatment (personal communication; Dr. P. McAllister September 2015). Meanwhile, kaolin-

induced hydrocephalic young adult mice were maintained on tap water or deuterium water for 5 

weeks starting a week before the kaolin injection because deuterium has been shown to reduce 

fibrosis by inhibiting proliferation of fibroblasts (Altermatt et al., 1988; Gross & Spindel, 1960).  

Though the results showed that treated mice had significantly reduced ventricular volume, 

fibrotic tissue and fibroblasts, collagen deposits, and decreased TGF-β1 serum levels and 

immunoreactivity in the posterior fossa than untreated mice (Hatta et al., 2006), they failed to 

verify whether kaolin was actually delivered into the subarachnoid compartment among other 

issues. Finally, neonatal rats with ventriculomegaly due to clostridial collagenase induced 

germinal matrix hemorrhage were given the TGF receptor 1 inhibitor SD208 for 3 days, 

beginning 1 hour or 3 days after collagenase injection, which decreased ventricular enlargement, 
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weight loss, hemorrhage-induced brain injury, and improved cognitive and motor functions 

(Manaenko et al., 2014). Despite this, ventriculomegaly was unilateral and was supposedly 

caused by brain atrophy, so this experiment does not provide direct evidence for effective 

treatment of hydrocephalus. 

 

I.6.8. Brain Protection 

When ventriculomegaly is already present and ventricular shunting is likely necessary, 

these latter pharmacologic therapies are envisioned to modulate specific brain damage or to 

protect the brain temporarily as a supplemental intervention to allow a safer delay in surgical 

shunting treatment of hydrocephalus. Given that the pathogenesis of hydrocephalus-associated 

brain damage has overlap with stroke and trauma, it is anticipated that therapeutic candidates 

from the latter two diseases should be considered for protecting the hydrocephalic brain. In 

neonatal hypoxic-ischemic brain injury, a variety of potential early neuroprotective therapeutics 

have broadly been categorized into anti-excitotoxic, anti-oxidative, anti-apoptotic, anti-

inflammatory, and neural repair mechanisms, with melatonin and erythropoietin covering 

multiple mechanisms (Wu et al., 2015). The following will discuss the treatments that have 

already been investigated within these and other related categories. 

 

I.6.8.1 Vasoactive and Vascular Interventions 

 The role of regional decreases in white matter blood flow that occurs in pediatric and 

adult hydrocephalus is fairly well understood (Braun et al., 2000; Chang et al., 2009; Del Bigio, 

2010a; Owler & Pickard, 2001). The role of vascular intracranial pulsations as a cause for 

ventricular enlargement is also of great interest, but the mechanism is not well-established (Park 
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et al., 2010; Wagshul et al., 2011). An early case report of a hydrocephalic infant found that 

bilateral common carotid artery ligation apparently arrested hydrocephalus because there was 

decreased intracranial pulsation and stabilized head size (Fuller, 1927).  Meanwhile, many adults 

with NPH suffer from arterial hypertension and cerebrovascular disease (Boon et al., 1999; 

Krauss et al., 1996), but it is not certain if preexisting vascular disease exacerbates 

hydrocephalus-related neuropathology, or if it is a contributing factor for hydrocephalus 

development.   

 

With respect to treatment, one small clinical study on adults with NPH examined how 

blood pressure and ICP were affected by nimodipine, which is a calcium channel antagonist with 

vasoactive properties that is often used to treat hypertension, and found reduced mean arterial 

blood pressure, increased ICP, but unchanged cerebral blood flow (determined from the arterio-

venous (jugular) oxygen difference) (Schmidt et al., 1990).  Most research with nimodipine and 

calcium-related effects and treatments on hydrocephalus has been conducted in animal models in 

our lab.  A strong impetus for this was a study using 3-week old kaolin-induced hydrocephalic 

rats that found increased intracellular Ca
2+

 that was potentially associated with activation of 

proteolytic enzymes and periventricular white matter axonal damage (Del Bigio, 2000). From 

that study, 3-week old kaolin-induced hydrocephalic rats were treated by continuous 

administration of nimodipine for 2 weeks starting at 5 weeks age, and although it did not reduce 

ventriculomegaly, treated rats had thicker corpus callosum and showed significantly less 

impaired motor and cognitive behaviour than untreated rats (Del Bigio & Massicotte, 2001). A 

later study followed the same drug procedure and duration with 3-week old hydrocephalic rats 

using another calcium channel blocker, Mg
2+

 in the form of MgSO4, which showed a similar but 
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weaker neuroprotective and behavioural effect (Khan et al., 2003a).  Despite these benefits, 

when these treatments were given to 1-week old rats, neither antagonist displayed any protective 

effects, and their side effects were more substantial (Khan et al., 2007). After developing a 

model of kaolin-induced hydrocephalus in 2-week old ferrets (Di Curzio et al., 2013), we 

recently tested MgSO4 using parenteral injections for 2 weeks in these hydrocephalic ferrets 

beginning 2 weeks after kaolin induction. The MgSO4 treatment led to significant side effects 

(lethargy), and there were no protective effects found at the behavioural, brain structural, or 

biochemical levels (Di Curzio et al., 2016). 

 

 Vascular endothelial growth factor (VEGF) and one of its receptors (VEGFR-2) are 

important promoters of angiogenesis and mitogenesis of endothelial cells and have been studied 

with respect to the hypoxic response in hydrocephalic brains.  Modulation of VEGF and its 

receptor have been suggested as a potential therapy for the chronic brain hypoxia associated with 

hydrocephalus (Dombrowski et al., 2008).  From a series of experiments they conducted with a 

dog model of chronic hydrocephalus, VEGF was increased in the CSF but not in brain tissue, 

while VEGFR-2 was reduced in the frontal cortex and increased in the hippocampus and caudate 

nucleus, with the hippocampus having increased blood vessel density while the caudate nucleus 

had decreased blood vessel density (Dombrowski et al., 2008; Deshpande et al., 2009; Yang et 

al., 2010).  Though VEGFR-2 is important for angiogenesis, it was speculated that these 

opposing results in the hippocampus and caudate nucleus were due to appreciable destructive 

forces associated with hydrocephalus that affected the caudate more severely than the 

hippocampus, which sustains only minimal direct damage with hydrocephalus (Del Bigio et al., 

2003; Di Curzio et al., 2013).  Very recently, the same group found that older adults with chronic 
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hydrocephalus could increase their VEGF levels in the CSF after moderate arm exercise (Yang et 

al., 2016). Meanwhile, another group also found elevated CSF levels of VEGF in hydrocephalic 

children and young adults, and then infused VEGF into the cerebral ventricles of non-

hydrocephalic rats and ventricular expansion ensued, but this was prevented by simultaneous 

infusion of a VEGF antagonist bevacizumab (Shim et al., 2013).  From these results, they 

speculated that VEGF contributes to or causes hydrocephalus via a complex mechanistic 

pathway in which heightened CSF VEGF interacts with VEGFR-2 on ependymal cells, and this 

induces fluid dysregulation that eventually leads to hydrocephalus (Shim et al., 2014).  Thus, 

these groups of investigators found alterations in VEGF and VEGFR-2 levels, but one suggests it 

signifies a beneficial adaptation to chronic hypoxia, while the other postulates that VEGF causes 

ventriculomegaly. This issue requires clarification before further drug treatments are tested. 

 

I.6.8.2  Anti-inflammatory Interventions and Microglia  

 Animals and humans with hydrocephalus exhibit both reactive astroglia and microglia 

(Deren et al., 2010; Di Curzio et al., 2013; Ulfig et al., 2004). Although microglial activation is 

implicated in both contributing to brain damage in several disorders (Marin-Teva et al., 2011) 

and potentially exhibiting beneficial effects (Fernandes et al., 2014; Graeber & Streit, 2010), 

anti-inflammatory agents could be effective in treating hydrocephalus.  Minocycline is a semi-

synthetic tetracycline derivative with anti-inflammatory properties that has shown efficacy in 

decreasing brain damage following human stroke and intracerebral hemorrhage in rats (Kohler et 

al., 2013; Li et al., 2013a; Power et al., 2003; Tikka & Koistinaho, 2001) and inhibiting reactive 

glial activation following brain injury (Cai et al., 2010; Garwood et al., 2010; Ryu et al., 2004; 

Tikka et al., 2001). Intraperitoneal administration of minocycline to H-Tx hydrocephalic rats 
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from P15 – P21 resulted in decreased glial fibrillary acidic protein (GFAP)-immunoreactive 

astrocytes and Iba-1 immunoreactive microglia and thicker cortices in treated compared to 

untreated rats but ventricle size was not assessed (McAllister & Miller, 2010). Another study 

used kaolin-induced hydrocephalic young adult rats and gave minocycline intraperitoneally for a 

week starting 2 weeks after kaolin, and they found mild reduction in ventriculomegaly, as well as 

reduced mRNA and protein expression for reactive gliosis for both GFAP and Iba-1 in treated 

compared to untreated hydrocephalic rats, but they still fared significantly worse than control rats 

(Xu et al., 2012). 

  

In a study with TGF-β overexpressing transgenic mice with subsequent hydrocephalus, 

they were fed the non-steroidal anti-inflammatory agent ibuprofen or pioglitazone, a peroxisome 

proliferator-activated receptor-γ agonist, for 2 months beginning at 2 months age.  Although both 

ibuprofen and pioglitazone decreased glial activation, pioglitazone increased ventricular 

dilatation (which was not assessed for ibuprofen), and both had no effect on thioflavin-S-labeled 

amyloid deposits in cerebral blood vessels in relation to vascular alteration (Lacombe et al., 

2004).  Meanwhile, adult rabbits given an intracisternal kaolin injection were treated 1 day later 

with a single subcutaneous injection of infliximab, a monoclonal immunoglobulin G1 antibody 

that binds to tumor necrosis factor-alpha (TNF-α) (Davis et al., 1994), which is a vital mediator 

of inflammatory reactivity (Tracey, 1994), and monitored for 2 weeks before being euthanized 

(Kurt et al., 2010).  They found no difference in ICP between treated and untreated groups, 

whereas the treated rabbits showed decreased levels of TNF-α in the blood and CSF and reduced 

microglial cell apoptosis in the lateral geniculate body and optic radiations, but the importance of 

this latter result in uncertain and the ventricles were never assessed. 
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I.6.8.3 Antioxidative Interventions 

 Researchers have shown in the CSF of humans with hydrocephalus and hydrocephalic 

animal models, oxidative and nitrosylative mechanisms contribute to brain damage associated 

with the condition, and this likely occurs secondary to chronic hypoxia (Caner et al., 1993; Del 

Bigio et al., 2012; Mori et al., 1993; Socci et al., 1999; Tarnaris et al., 2006).  Such evidence has 

prompted investigations in testing various antioxidative interventions in animal models, which 

has been bolstered by their potential neuroprotective effects in other disease models.  One group 

of researchers separately tested two antioxidants, N-acetylcystein [sic] and the main constituent 

of green tea polyphenols, (--)-epigallocatechin gallate, which were both shown to reduce lipid 

peroxidation as evidenced by decreased brain tissue malondialdehyde when injected 

intraperitoneally for 10 to 15 days in rats with kaolin-induced hydrocephalus at 7 days and 3 

weeks, respectively (Etus et al., 2001; 2003); however they only examined lipid peroxidation and 

did not confirm hydrocephalus prior to antioxidant treatments.  Another study used 2-week old 

kaolin-injected rats and began daily melatonin injections for 4 weeks immediately after, where 

the treated group showed less BBB impairment (decreased activity), increased glutathione levels 

and attenuated vascular and epithelial alterations in the choroid plexus, but not reduced nitric 

oxide content (Turgut et al., 2007). Despite some apparent efficacy, histologic interpretation of 

the choroid plexus is not reliable, and ventricle size was only examined after treatment and just 

qualitatively by inspecting a midsagittal brain slice.  More recently, we performed kaolin 

induction in 3-week old rats and administered an oral mixture of antioxidants (alpha-tocopherol, 

L-ascorbic acid, coenzyme Q10 (CoQ10), reduced glutathione, and reduced lipoic acid) for 2 
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weeks starting when the rats were 5-week-old, and we found no therapeutic benefit when 

assessing behaviour, brain structure, or biochemical content, but the canola oil carrier normalized 

antioxidant capacity in the brain tissue (Di Curzio et al., 2014). 

 

I.6.8.4 Neuron and Axon Protective Interventions 

 Ventricular dilatation leads to compression and stretching of periventricular axons as a 

primary source of damage in hydrocephalic brains, whereas degenerative changes in some 

neuron populations occurs secondary as brain damage progresses (Del Bigio, 1993; 2010a). 

Memantine, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist, has shown 

neuroprotective efficacy of neurons and axons in brain and spinal cord ischemia and injury 

(Block & Schwarz, 1996; Chen et al., 1998; Ehrlich et al., 1999; Rao et al., 2001; Stieg et al., 

1999; Wenk et al., 2006).  In a study with kaolin-injected 3-week old rats, memantine was given 

daily for 2 weeks starting one day after injection, and histologic counts showed mild CA1 and 

CA2 (but not CA3) hippocampal neuron sparing and reduced NOS immunoreactivity associated 

with memantine treatment (Cabuk et al., 2011). Previously, this group tested kaolin-induced 

hydrocephalic rats at 8 weeks age and found that memantine either decreased or increased 

reactivity of various compounds in the esophageal and gastric smooth muscles that were 

sometimes ameliorated to control conditions, but ventriculomegaly was present in all 

hydrocephalic groups (Bektaş et al., 2008).  The same group later examined the periventricular 

tissue around the fourth ventricle in adult rabbits that were given an intracisternal kaolin 

injection and then treated immediately with memantine or an herbal medicine, Morinda citrifolia 

L. (noni), for 2 weeks. They found increased activated caspase 3 apoptotic cells with memantine 

but decreased immunostaining with noni in the periventricular region of the fourth ventricle 
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compared to untreated hydrocephalus rabbits, but all hydrocephalic groups were significantly 

worse than control rabbits (Köktürk et al., 2013). However, their data is not convincing because 

their immunostaining images are suspect, the fourth ventricle size was not indicated, and they did 

not report the presence of kaolin deposits around the fourth ventricle.  

 

In another set of studies with calpain and calcineurin inhibitors that have shown prior 

efficacy for axon protection in traumatic or ischemic brain injury models (Wakita et al., 1995; 

1998; Wells & Bihovsky, 1998), 3-week-old kaolin-induced hydrocephalic rats were treated for 

2 weeks with tacrolimus, cyclosporine A, or calpain inhibitor I.  All three treatments displayed 

no statistically significant protection in terms of behaviour, brain structure, or brain composition 

(Khan et al., 2003b).  Using the same rat kaolin model of hydrocephalus and treatment length, 

there was also no evidence for protection as measured by behaviour, brain structure, or 

biochemistry using the sodium channel-blockers mexiletine and riluzole (Del Bigio et al., 2002). 

 

I.6.8.5 Miscellaneous Interventions with Multiple or Uncertain Mechanisms 

 A recent study used an intraventricular injection of kaolin to induce hydrocephalus in 

adult rats, and one group received a single dose of sFRP-1, a Wnt/β-catenin inhibitor, with the 

kaolin injection and were monitored for 14 days before sacrifice.  Treatment delayed 

hydrocephalus development and led to decreased expression of β-catenin, Cyclin D-1, and 

GFAP, as well as reduced reactive astrogliosis in periventricular tissue compared to untreated 

hydrocephalic rats (Xu et al., 2015). They speculated that regulating the Wnt/β-catenin signaling 

cascade would alter the development of hydrocephalus, but it is not clear what tissue mechanism 

would be involved in this process.  
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In another set of studies with adult rats, an injection of iron (III) chloride/ferric chloride 

(FeCl3) was administered unilaterally into the lateral ventricle to induce ventricular enlargement, 

and then treatment involved an iron chelator, deferoxamine.  One study coupled the FeCl3 

injection with fluid percussion brain injury, and treatment began either 2 or 14 hours after injury 

with the brains being examined the following day. Deferoxamine was associated with decreased 

ventricular enlargement and upregulation of heme oxygenase 1, but hemorrhagic lesion volume 

did not improve (Zhao et al., 2014).  Meanwhile, the other study involved the unilateral FeCl3 

injection or autologous whole blood injection, and then intraperitoneal deferoxamine was 

administered for 7 days beginning 3 hours after blood/FeCl3 injection with the brains being 

assessed at 1 or 4 weeks. They found that deferoxamine-treated rats exhibited a decreased 

incidence and severity of chronic PHH, along with reduced concentration of iron and ferritin, 

decreased gene and protein expression of Wnt1 and Wnt3a, and improved performance on a 

learning and memory task compared to the untreated group (Meng et al., 2015). They suggested 

that deferoxamine had neuroprotective and anti-fibrotic properties because of the connection to 

the Wnt signaling pathway, but did not examine the latter directly in the meningeal compartment. 

 

 Based on the rationale that mesenchymal stem cells (MSCs) can modulate immune 

system function in ischemic stroke and hypoxic ischemic brain injury (Lin et al., 2011; van 

Velthoven et al., 2010), a group of researchers conducted two experiments where they performed 

intracerebroventricular transplantation of human umbilical cord MSCs into 6-day old rats that 

received bilateral injections of maternal blood into the lateral ventricles. Ventricle size was 

assessed by MRI before they randomly transplanted the MSCs or fibroblasts in two groups along 
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with a vehicle control group, in which groups were observed for 26 days post-transplantation 

before sacrifice. By 32 days age, the MSCs transplant group, but not those receiving fibroblasts, 

exhibited neuroprotection from PHH by reducing progressive ventriculomegaly, along with 

improving corpus callosal thickness and myelination, reducing cell death, reactive gliosis, and 

proinflammatory cytokine levels in the CSF and periventricular tissue, as well as improving 

behavioural performance after severe IVH (Ahn et al., 2013; 2015).  They posited that these 

neuroprotective benefits from MSCs were associated with ameliorating hemorrhage-associated 

inflammation because of the reduced quantity of periventricular microglia and levels of 

proinflammatory cytokines in the CSF and periventricular brain tissue. 

  

In an intricate experiment conducted by Yung and colleagues (2011), embryonic mice 

received injections of plasma, serum, red blood cells, lipid lysophosphatidic acid (LPA), or 

vehicle solutions into their cortices (lateral ventricle) on in utero day 13.5.  They observed and 

sacrificed the mice at various embryonic and postnatal time points until P30 and found that red 

blood cells did not induce hydrocephalus, while blood serum and plasma led to moderate 

ventriculomegaly, and LPA caused severe hydrocephalus, which they determined was due to 

damage to the germinal cells along the ventricle wall and occlusion in the third ventricle. In a 

separate LPA-injected group, they injected Ki16425, a receptor antagonist of LPA1 and LPA3, 

15 minutes before LPA injection at E13.5, which resulted in a significant reduction in fetal 

hydrocephalus and craniofacial deformities, as well as decreased apical ventricular cell cluster 

protrusions compared to untreated LPA mice.  The pathological results of LPA mice from this 

study show various similar features to those found in human fetal hydrocephalus due to cryptic 

hemorrhage (Lategan et al., 2010) and prematurity associated germinal matrix hemorrhage (Del 
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Bigio, 2011).  At this point, it is yet to be determined if this can be developed into a practical 

preclinical therapy, especially for IVH in premature infants (Stoddard & Chun, 2015). 

  

In the spontaneous inherited hydrocephalus H-Tx rat that develops aqueductal stenosis 

and subsequent ventriculomegaly around 18 days gestation (Jones & Bucknall, 1988; Kohn et 

al., 1981), a study was conducted with different folate metabolites.  Maternal supplementation 

during gestation with folic acid increased the incidence of hydrocephalus, whereas a mixture of 

folinic acid and tetrahydrofolate reduced its occurrence and improved brain development 

including cell proliferation, progenitor cell activity, and thicker cortex (Cains et al., 2009). These 

results led the authors to speculate that a folate imbalance is responsible for the brain defects, 

which developed into this form of congenital hydrocephalus.  Meanwhile, mice with Bbs1 

knockout develop mild ventriculomegaly that appears to be caused by increased cell death in the 

periventricular germinal cell population and not due to an obstruction in the CSF pathway 

(Carter et al., 2012). Administration of lithium to the pregnant females prevented development of 

ventriculomegaly, likely by rescuing proliferation in platelet-derived growth factor receptor 

alpha expressing cells, but this is uncertain.   

 

Lastly, there is a multifunction molecule, erythropoietin, that is being investigated in 

various randomized clinical trials in premature infants (Juul & Pet, 2015) because it displays 

neuroprotective functions through its receptor (EpoR), where it exhibits anti-inflammatory and 

angiogenic effects that can reduce brain injury (Chen et al., 2016; Lan et al., 2016; Sargin et al., 

2010).  Currently, there are no experimental studies or prospective human data concerning 

erythropoietin and hydrocephalus.  Despite this, a retrospective analysis of extremely low birth 
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weight infants treated with erythropoietin between 1993 to 1998 included data relating to 

hydrocephalus where treated infants required shunting in 4.5% of survivors compared to 7.0% of 

untreated controls (Neubauer et al., 2010).  

 

From these various studies, a multitude of nonsurgical therapies have been attempted 

over the decades in clinical and/or animal models of hydrocephalus.  Some of these interventions 

have been aimed to prevent the occurrence of hydrocephalus, while others are intended to act as 

a supplement to surgical treatment to manage the condition effectively.  Many of these agents 

have had limited success, while others seem to show relatively great promise in treating 

hydrocephalus and other related conditions.  It will be important to investigate these latter agents 

further in the future to examine their potential in other animal models and eventually human 

clinical trials because, as indicated previously, there is currently no definitive cure for 

hydrocephalus. 
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CHAPTER II. SPECIFIC OBJECTIVES AND HYPOTHESES 

Overall, my main objectives are to characterize a new experimental model of 

hydrocephalus in ferrets, assess a drug therapy in these ferrets that was previously shown to have 

beneficial outcomes in hydrocephalic rats, and investigate a different set of therapeutic agents in 

hydrocephalic rats. 

 

II.1. Objective 1: To fully characterize hydrocephalic brain damage and associated behavioural 

changes in juvenile hydrocephalic ferrets. 

 

II.1.1. Rationale: 

Large animals with gyrencephalic brains are necessary for the preclinical demonstration 

of treatment efficacy in stroke (Fisher et al., 2009; STAIR Group, 1999). Given that the 

pathogenesis of hydrocephalus-associated axon damage has overlap with stroke (hypoperfusion, 

oxidative mechanisms, calcium ion-mediated effects), it is reasonable that a similar study 

approach should be used. However, because the damage occurs more gradually, the likelihood of 

successful intervention is greater. Rodent models are limiting because the small volume of white 

matter makes it difficult to study changes in the fate of oligodendrocytes and periventricular 

axons. We propose to use domestic ferrets for the following reasons: a) Ferrets are born in a 

relatively immature state (Hayes et al., 2003); b) Much is already known about development of 

the ferret brain (Hayes et al., 2003; Lockard, 1985; McSherry, 1984; McSherry & Smart, 1986; 

Smart & McSherry, 1986a;b); c) Ferrets can easily fit into the narrow bore magnetic resonance 

(MR) imaging system; d) Ferrets are easily handled and are amenable to behavioural testing for 
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assessment of brain damage (Eidelberg et al., 1976; McLaughlin & Juliano, 2003; Rabe et al., 

1985); and e) Ferrets are more affordable than primates and have complex gyrencephalic brains. 

 

II.1.2. Hypothesis 1a: Hydrocephalic ferrets will exhibit behavioural deficits and structural 

brain impairments including axonal damage, increased cell death, reduced cell proliferation, and 

reactive astroglial and microglial expression compared to control animals, which will also be 

similar to other species examined using the kaolin-induction model. 

II.1.3. Hypothesis 1b: Hydrocephalic ferrets will display oligodendrocyte/myelin enzyme 

activity and protein content changes for GFAP and MBP that differ from controls, which are 

potentially similar to previous animal models investigated. 

II.1.4. Hypothesis 1c: Hydrocephalic ferrets will display significantly different mitochondrial 

enzyme activity compared to control ferrets. 
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II.2. Objective 2: To examine astroglial and oligodendrocyte precursor cell changes in the SVZ 

and GE brain regions of juvenile ferrets and human fetuses with hydrocephalus, along with cell 

proliferation changes in the GE of hydrocephalic fetuses.  

 

II.2.1. Rationale: 

 Reduced expression of Olig2+ cells was observed in the SVZ and periventricular white 

matter regions in hydrocephalic ferrets, as well as decreased Ki-67+ proliferating cells in the 

SVZ (Di Curzio et al., 2013), which has also been observed in human fetuses after prematurity-

associated haemorrhage (Del Bigio, 2011).  The expression of Olig2 could represent glial 

precursors or more specifically OPCs, so it is important to distinguish what cell type(s) is/are 

affected by hydrocephalus and follow-up the analyses from the ferret study, as well as determine 

if similar cellular changes occur in the hydrocephalic fetal brain. 

    

II.2.2. Hypothesis 2a: Hydrocephalic ferrets and fetuses will exhibit reduced glial precursors in 

the SVZ and GE compared to age-matched control ferrets and fetuses, respectively. 

II.2.3. Hypothesis 2b: Hydrocephalic fetuses will show decreased proliferative cells in the GE 

compared to age-matched control fetuses. 
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II.3. Objective 3: To determine the efficacy of a dietary supplement of an antioxidant mixture to 

prevent behavioural decline and white matter damage in juvenile rats with hydrocephalus.   

 

II.3.1. Rationale 

There is considerable evidence that hypoxia mediated mechanisms including generation 

of nitric oxide (Krueger, 2004; Perez-Neri et al., 2007) and/or oxygen radicals (Aref’eva et al., 

1998; Fersten et al., 2004) play a role in white matter damage that occurs in hydrocephalus (Del 

Bigio et al., 2012).  Lipid peroxides, which are produced by oxygen free radical damage to 

membranes, have been detected in hydrocephalic brains (Caner et al., 1993; Socci et al., 1999).  

Since our laboratory has vast experience using the kaolin induction model in rodents and has 

observed these oxidative changes in hydrocephalic rats, we will commence our therapeutic 

approaches in rats.  In addition, if we do not find significant benefits for these treatments in 

rodents, it may not be sensible to advance treatment in ferrets with gyrencephalic brains.  Thus, 

we will return to a rodent model for such therapies to establish baseline efficacy for 

hydrocephalus. 

 

II.3.2. Hypothesis 3: Antioxidant therapy will improve brain structure and the functional 

outcome of hydrocephalic rats. 
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II.4. Objective 4: To examine the effectiveness of magnesium sulfate therapy to prevent 

behavioural decline and white matter damage in juvenile ferrets with hydrocephalus. 

 

II.4.1. Rationale 

Our laboratory has already demonstrated the behavioural and white matter benefits of 

magnesium sulfate in hydrocephalic juvenile rats (Khan et al., 2003a), along with another 

calcium channel blocker, nimodipine (Del Bigio & Massicotte, 2001).  Thus, it is important to 

show the same benefits with calcium channel antagonism in ferrets.  By using an animal model 

with a more complex brain that is more similar to humans, we can work towards clinical trials in 

humans with this drug.  This therapeutic agent has been used for other treatment purposes in 

humans, and thus, we want to establish consistent evidence that this drug is effective in treating 

hydrocephalus. 

 

II.4.2. Hypothesis 4: Magnesium sulfate therapy will improve brain structure and the functional 

outcome of hydrocephalic ferrets. 
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Abstract 

 Hydrocephalus is a neurological condition characterized by altered cerebrospinal fluid 

(CSF) flow with enlargement of ventricular cavities in the brain. A reliable model of 

hydrocephalus in gyrencephalic mammals is necessary to test preclinical hypotheses. Our 

objective was to characterize the behavioral, structural, and histological changes in juvenile 

ferrets following induction of hydrocephalus. Fourteen-day old ferrets were given an injection of 

kaolin (aluminum silicate) into the cisterna magna. Two days later and repeated weekly until 56 

days of age, magnetic resonance (MR) imaging was used to assess ventricle size. Behavior was 

examined thrice weekly. Compared to age-matched saline-injected controls, severely 

hydrocephalic ferrets weighed significantly less, their postures were impaired, and they became 

hyperactive until extremely debilitated. They developed significant ventriculomegaly (lateral 

ventricle to brain area ratio 19.6% vs. 1.7%) and displayed white matter destruction. Reactive 

astroglia and microglia detected by glial fibrillary acidic protein (GFAP) and Iba-1 

immunostaining were apparent in white matter, cortex, and hippocampus. There was a 

hydrocephalus-related increase in active caspase 3 labeling of apoptotic cells (7.0 vs. 15.5%) and 

reduction in Ki-67 labeling of proliferating cells (23.3 vs. 5.9%) in the subventricular zone 

(SVZ). Reduced Olig2 immunolabeling suggests a depletion of glial precursors. GFAP content 

was elevated. Myelin basic protein (MBP) quantitation and myelin biochemical enzyme activity 

showed early maturational increases. In conclusion, the hydrocephalus-induced periventricular 

disturbances may involve developmental impairments in cell proliferation and glial precursor 

cell populations. The ferret should prove useful for testing hypotheses about white matter 

damage and protection in the immature hydrocephalic brain. 

Keywords: Ferret, hydrocephalus, behavior, magnetic resonance (MR) imaging, white matter 
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Introduction 

 Hydrocephalus is a common neurological condition characterized by altered 

cerebrospinal fluid (CSF) flow with enlargement of ventricular cavities in the brain. The 

pathophysiology of hydrocephalus-induced brain damage is multifactorial, with primary 

destruction of periventricular axons due to gradual physical stretching and compression, 

ischemia, accumulation of metabolic waste products in the CSF (McAllister & Chovan, 1998), 

impaired blood flow, and calcium-mediated axonal cytoskeletal damage (Del Bigio, 1993; 2000; 

2004). The histopathologic consequences of hydrocephalus are dependent on the age of onset, 

rate of ventricular enlargement, and the etiology (Del Bigio, 2001b; Hochwald, 1985). 

 The pathogenesis of brain damage in hydrocephalus has been elucidated by studies of 

human brains and through use of experimental animal models (da Silva Lopes et al., 2009; Del 

Bigio, 1993; 2001a; 2004; Del Bigio et al., 1994; Khan et al., 2006). The most commonly used 

method for induction of experimental hydrocephalus in a variety of species is injection of kaolin 

(aluminum silicate) into the cisterna magna (Dixon & Heller, 1932). Inflammation and fibrosis 

leads to an obstruction of the CSF pathways close to the fourth ventricle apertures and in the 

basal subarachnoid compartment. Research with rodents is limiting because their brains possess 

a small volume of white matter, which makes it difficult to study changes in the fate of 

oligodendrocytes and periventricular axons. Thus, it is essential to produce another model with 

an animal that has a complex brain, which is more similar to humans. Furthermore, large animals 

with gyrencephalic brains are necessary for the preclinical demonstration of treatment efficacy in 

stroke (Fisher et al., 2009; STAIR Group, 1999). Given that the pathogenesis of hydrocephalus 

associated axon damage has overlap with stroke (hypoperfusion, oxidative mechanisms, calcium 

ion mediated effects), it is reasonable to expect that a similar study approach should be used. 
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 In this regard, domestic ferrets (Mustela putorius furo) have been chosen for this study 

for several reasons. Ferrets have complex gyrencephalic brains similar to cats and dogs (all are in 

the order Carnivora) and can easily fit into narrow bore magnetic resonance (MR) imaging 

systems. Ferrets are born in a relatively immature state with a prominent GE, and therefore could 

be used to study models of post-hemorrhagic hydrocephalus associated with premature birth 

(Hayes et al., 2003). Much is already known about development of the ferret brain (Lockard, 

1985; McSherry and Smart, 1986; Voigt, 1989). In addition, ferrets are easily handled and are 

amenable to behavioral testing for assessment of brain damage (Rabe et al., 1985). 

 Brain changes that include enlarged cerebral ventricles have been induced in ferrets using 

methylazoxymethanol, an alkylating neurotoxin that destroys dividing cells (Haddad & Rabe, 

1980), and reovirus (Margolis & Kilham, 1969). However, because these two processes are 

primarily destructive in nature, they are not especially useful for understanding the consequences 

of ventricular dilatation. As has been done in kittens (McAllister et al., 1991), we have 

successfully induced hydrocephalus in postnatal day 14 ferrets using kaolin, which was 

monitored until about 56 days of age. Our goal is to fully characterize kaolin-induced 

hydrocephalus in juvenile ferrets by examining the neuropathological, behavioral, and cognitive 

deficits associated with this condition. We specifically want to address the hypothesis that early 

onset hydrocephalus alters brain development. 

 

Methods 

Animals 

 Pigmented sable ferrets were obtained from Marshall Farms (North Rose, NY), as timed-

pregnant jills or jills with litters. The kits remained with their mothers in enclosed kennels until 



 107 

postnatal day (P)56. Food and water were provided ad libitum; the kits begin to eat solid food 

around P30. The kennels were kept on a 12:12 h (6 a.m. – 6 p.m.) light–dark cycle, and the room 

temperature and relative humidity were 21–23°C and ~55%, respectively. For identification, 

tattoos were imprinted on their paws. All animals were treated humanely based on the guidelines 

devised by the Canadian Council on Animal Care. The experimental protocols were approved by 

the institutional animal ethics committee. All efforts were made to minimize the number of 

animals used and ensure the least amount of suffering experienced. 

 

Hydrocephalus Induction 

 In pilot studies using anesthetized P2, P7, and P14 and adult ferrets, we assessed the 

efficacy of percutaneous injections of kaolin (aluminum silicate; Sigma, St. Louis MO) into the 

cisterna magna. Four young ferrets (two at P2 and two at P7) were injected with 10% kaolin, but 

all died shortly after injection from either a hematoma or failure to feed after injection. Careful 

anatomical dissection suggests that the high complication rate is related to the close proximity 

between the skull base and the first cervical vertebra, leaving little room for safe needle 

insertion. There was also a high rate of maternal abandonment of kits that were handled early. 

Young adult ferrets (~6 months) injected with kaolin (n = 4) were quite ill following the 

procedure and did not develop ventriculomegaly. 

 The following experiments utilized 8 litters of 13- or 14-day old ferrets (~6 per litter – 

total n = 45). For the kaolin injections, the ferrets (n = 25) were anesthetized by inhalation of 

isoflurane (2.5% in oxygen). With the dorsum of the neck shaved, flexed, and cleansed with 

chlorhexidine followed by 70% alcohol, a 27-gauge needle (shallow bevel “blunt” tip) attached 

to a 0.5 mL syringe was inserted percutaneously into the cisterna magna and 0.2 mL of 20% 
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sterile kaolin suspension (250 mg/mL in 0.9% saline) was injected slowly under aseptic 

conditions. Littermate controls (n = 20) received sham injections of sterile saline solution. 

Animals were monitored while recovering from anesthetic and observed for indications of 

discomfort and/or signs of neurological impairment. Following recovery, they were returned to 

their mothers. They were monitored every 12 hours for the next two days and received 

subcutaneous injections of buprenorphine analgesic to reduce potential pain and sterile 0.45% 

saline to prevent dehydration. Ferrets were weighed daily and observed for signs of neurologic 

impairment. Those experiencing severe impairment or weight loss were euthanized to prevent 

further suffering. Control and hydrocephalic ferrets were sacrificed at approximately P14, P21, 

P35, P42, P49, and P56 to examine developmental and neuropathological differences between 

the two groups at various ages. 

 

Magnetic Resonance Imaging 

 Magnetic resonance (MR) studies were performed on the ferrets at various time points 

ranging from P8 to P56 to obtain images pre- and post-kaolin injections. Ferrets were imaged 2 

days post-injection to ensure that hydrocephalus had been induced. Subsequently, several kits 

were imaged at P21 and each week thereafter until P56 to acquire at least 4 hydrocephalic and 4 

age-matched control kits at each survival time. The ferrets were anesthetized using 5% isoflurane 

in O2/N2O and maintained at ~2.5% isoflurane in O2/N2O with a nose cone. Respiration and 

external body temperature were monitored during imaging using an MR-compatible small 

animal monitoring and gating system (SA Instruments, Inc., Stony Brook, NY). Temperature 

was maintained at 37°C with a heating circulator bath (Thermo Scientific Haake, Karlsruhe, 

Germany). The coils used were custom-built inductively coupled quadrature RF volume coils 
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(National Research Council (NRC) Institute for Biodiagnostics, Winnipeg, MB, Canada). The 

images were attained with a Bruker Biospec/3 MR scanner equipped with a 21 cm bore magnet 

operating at a field of 7 Tesla (Karlsruhe, Germany) to collect T2-weighted images of the brain 

oriented in the coronal, horizontal, and sagittal planes (slice thickness 1.0 mm). The recovery 

time (TR) for the T2-weighted images was 16.65 ms, and the effective echo time (TE) was 80 

ms. Initially, the young ferrets were placed in a supine position into a 33 mm coil during the 

procedure. As they developed and their heads and skulls grew, they had to be placed into a 38 

mm coil. By P35, they had to be put into the scanner with a 48 mm coil. Concurrently, 10 

coronal images were obtained at 2 mm apart from P14 until P35 capturing brain regions rostrally 

from the frontal horn to fourth ventricle caudally. From P42 onward, 12 coronal images were 

taken at 2 mm apart to encompass the frontal horn to the fourth ventricle, which were centered 

and matched brain regions from images obtained at younger ages. 

 The areas of the lateral ventricles and cerebrum were measured (using computerized 

planimetry with Marevisi software; NRC, Winnipeg, MB, Canada) in the rostral cerebrum at the 

coronal level immediately caudal to the optic chiasm; the lateral ventricle frontal horn size was 

calculated by dividing the ventricles area by the cerebrum area. The third ventricle size was 

calculated as a ratio of its maximum width to that of the cerebrum at the same coronal level. The 

cerebral aqueduct size was calculated as a ratio of its area to that of the midbrain. In addition, the 

cerebral aqueduct was examined for flow void phenomena, which occurs when there is a reduced 

or absence of signal fluid motion (Jack et al., 1987). The fourth ventricle size was calculated as a 

ratio of the hindbrain area (medulla + cerebellum). 

 

Behavioral Testing  
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 The animals were required to complete a battery of motor behavioral tests akin to those 

described by Christensson and Garwicz (2005). These motor tests included open field activity, 

contact-righting, geotaxis, and narrow path walking. They were used to assess in detail 

acquisition of normal behaviors, taking into consideration mobility, reflexes, and gait. For some 

tasks, the ferrets were videotaped to allow slow motion analysis and more accurate assessment of 

movement. Behavioral testing was performed using 28 ferrets commencing at P7 (n =14) or P9 

(n = 14). Testing continued three times weekly until P56 for kits that reached this time point in 

the study. Prior to testing, the animals had only been handled once by the experimenters and 

were not exposed to the test situations; thus, they also acted as controls for effects of longitudinal 

testing on task performance. 

 Testing was limited to one session during the day and included up to three trials for 

different tasks. Open field behavior was always performed first. For each task with more than 

one trial, individual kits would complete all trials consecutively. Performances on the first, 

median, and last trials were averaged to reduce potential within-session practice effects. Kits 

were not kept from their mothers for more than 45 minutes and were placed in a warm box 

during sessions to minimize potential thermal stress (Sokoloff & Blumberg, 1997). For most 

tasks, manual time measurements and qualitative observations were made. In addition, the day of 

complete eye opening was recorded for each ferret. 

 Open field behavior was videotaped, and locomotor activity was analyzed using HVS 

Image 2100 Plus Tracking System software (HVS Image Ltd, Twickenham, Middlesex, UK). 

Each animal was placed separately in the center of a 75 x 75 x 45 cm transparent plastic open 

field chamber with a rubberized bottom surface (silicone rubber caulking). The surface was 

divided into 7.5 x 7.5 cm squares to quantify the length of path traversed and the number of 
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squares entered by all limbs with the HVS software. One trial was performed per testing session, 

and observation time was 5 min. The video camera was placed directly above the open field 

chamber. Qualitative observations of different types of movements, including pivoting, crawling, 

walking, running, and rearing were also recorded. An enclosed, square open field chamber (44 × 

43 × 29 cm) with 15 light beam sensors on each axis to detect ambulatory, vertical, and total 

movements (Opto-Varimex; Columbus Instruments International Corp., Columbus, OH, USA) 

was used later with seven ferrets from P42-P56. Animals were placed individually into the 

chamber and tested once per session with an observation time of 3 min. 

 Contact-righting was performed by holding the ferrets in a supine position at the shoulder 

and pelvis with their belly up and back in contact with a towel draped over a table surface. After 

release, the kits would rotate towards a prone position. The latency for both forepaw and hind 

limb contact to reach upright position was measured manually with a stopwatch. Each animal 

performed three trials consecutively per session. A cut-off time of 30 sec was assigned when not 

all 4 limbs rotated to prone position. To test geotaxis (righting on an incline), a plastic board 

covered with silicone rubber caulking was positioned at 25° and 40° inclines. The ferret kits 

were placed face downward and the time to rotate to face an upward position was recorded (in 

triplicate, maximum 30 sec). However, unlike rodents, ferrets did not perform stereotypically on 

the geotaxis test, therefore, the test was considered uninformative. 

 We attempted to assess walking on a horizontal narrow wooden path (2 m long, 6 cm 

wide) beginning at P38 when the eyes opened; however, the kits would seldom attempt the task 

and therefore the results are not presented. 

 

Sacrifice and Dissection 
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 Anesthetized juvenile ferrets (isoflurane 5% in oxygen) were sacrificed by carbon 

dioxide (CO2) narcosis and exsanguination 7, 21, 28, 35, and 42 days after kaolin or saline sham 

injections or when humane endpoints were met (significant weight loss, inability to feed or 

groom itself, difficulty moving, and/or respiratory distress). In addition, some of the jills of the 

litters (n = 3) were sacrificed at ~12-16 months and were used to obtain adult values. The 

vasculature was flushed by transcardiac perfusion with ice-cold 0.1 M phosphate-buffered saline 

(PBS), and the brains were rapidly removed, photographed, and then split in the parasagittal 

plane, 2 mm left of the midline. The left cerebrum was dissected to yield samples of the dorsal 

frontal lobe (horizontal plane dorsal to striatum; includes corpus callosum), dorsal parietal lobe, 

hippocampus, and olfactory bulb. These were frozen in liquid nitrogen and stored at −70°C. The 

left occipital lobe was also dissected, covered by embedding medium (Tissue-Tek Optimum 

cutting temperature O.C.T. compound), rapidly frozen, and stored at −70°C for cryosectioning. 

The right cerebrum, brainstem, and whole cerebellum were immersion fixed in 3% buffered 

paraformaldehyde for 3-7 days. The fixed cerebrum and brainstem were cut into five to eight 3-4 

mm coronal slices, dehydrated, and embedded in paraffin. Whole cerebellums were dissected 

from the brains and preserved for another study, which will not be discussed here. 

 

Histology & Immunohistochemistry 

 All blocks were sectioned (6 μm thickness) and stained with hematoxylin and eosin 

(H&E). The cerebrum at the level of the frontal horn of the lateral ventricles, hippocampus, and 

cervical spinal cord were stained with solochrome cyanine and counterstained with eosin for 

visualization of myelin. Additional sections at the level of the frontal horn of the lateral 

ventricles were also stained with solochrome cyanine but not counterstained with eosin for 
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densitometric analysis of myelin.  This was performed using Image J software, where the mean 

intensity of staining of myelin/white matter regions, including the corpus callosum, internal 

capsule, and subcortical white matter, were compared to the intensity of the background on the 

slide where no tissue was present. Hippocampal sections were also stained with Fluoro-Jade B to 

detect damaged neurons. Immunohistochemical methods were used to detect reactive astrocytes 

(polyclonal rabbit GFAP, 1/15 000 dilution; DAKO Z0334; Glostrup, Denmark), activated 

microglia (polyclonal rabbit Iba-1, 1/5000 dilution; SySy 234 003; Göttingen, Germany), 

proliferating cells in all active phases of cell cycle (polyclonal rabbit Ki-67, 1/500 dilution; 

Novocastra NCL-Ki67p; Newcastle upon Tyne, UK), apoptotic dying cells (polyclonal rabbit 

active caspase 3, 1/200 dilution; GeneTex GTX22302; Irvine, CA, USA), axons (monoclonal 

mouse pan-axonal neurofilament marker (NF), 1/8000 dilution; Sternberger Monoclonals 

Incorporated SMI 312; Lutherville, MD, USA), damaged axons (polyclonal rabbit amyloid 

precursor protein (APP), 1/5000 dilution; Invitrogen 36-6900; Camarillo, CA, USA), and glial 

precursors (polyclonal rabbit Olig2, 1/1000 dilution; Millipore AB9610; Temecula, CA, USA). 

Antigen retrieval was used to enhance labeling of Iba-1, Ki-67, caspase 3, and APP by 

microwaving slides in 0.01 M sodium citrate buffer pH 6.0 for 20 min that facilitated antigen 

exposure for respective labeling. For Olig2 staining, antigen retrieval was performed by 

microwaving slides in 10 mM TRIS + 1 mM EDTA buffer pH 9.0 for 3 min to enhance antigen 

exposure. Primary antibodies underwent overnight incubation at 4°C for all immunostaining, 

except Ki-67 and NF, which used 1 hr and 2 hr incubation at room temperature, respectively. 

This was followed by incubation with appropriate biotinylated secondary antibodies, followed by 

reaction with streptavidin-peroxidase, detection with diaminobenzidine (DAB, Sigma D5905), 
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and finally counterstaining with hematoxylin. Negative controls were processed without the 

primary antibody. 

 Quantitative analyses were performed at 400x ocular magnification for corpus callosum 

thickness at the sagittal midline and above the lateral angle of the frontal horn of the lateral 

ventricle. Further quantitation was conducted for proliferating cells, apoptotic cells, and glial 

precursors stained with Ki-67, caspase 3, and Olig2, respectively. Counts were performed within 

the subventricular zone (SVZ) along the frontal horn of the lateral ventricle, the frontal cortex in 

the medial frontal gyrus, subcortical white matter, the corpus callosum, the dentate gyrus (DG), 

and the CA1/CA3 region of the hippocampus. For the SVZ, an area of approximately 0.45 mm x 

0.4 mm located at the lateral angle of the frontal horn of the lateral ventricle (Fig. III.1) was 

examined for cell counting. The number of positively stained cells for each respective 

immunostain was assessed as a ratio of the total number of cells counted in the different brain 

regions.  It should be noted that the hydrocephalic ferrets showed distortion of the lateral angle 

of the anterior horn of the lateral ventricle, which coincided with near complete destruction of 

this periventricular region including the SVZ demarcated in Fig. III.1.  Nevertheless, the small 

amount of residual SVZ allowed us to identify the site for comparison to controls. 

In addition, semiquantitative assessment of astrocytes labeled with anti-GFAP and 

microglia labeled with anti-Iba-1 were performed in the same brain regions at the same 

magnification. The following scoring scheme was used: 0 = no labeled astrocytes or microglia, 1 

= rare scattered astrocytes or microglia identified only at high magnification (400x), 2 = several 

astrocytes or microglia, and 3 = numerous hypertrophic astrocytes or microglia obvious at low 

magnification (40x). 
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Myelin Enzymes and Enzyme Linked Immunosorbent Assays (ELISAs) 

 To test the hypothesis that myelination is delayed in hydrocephalic ferrets, dorsal frontal 

cerebrum samples were homogenized for assay of several enzyme activities. Ceramide 

galactosyltransferase (CGalT), glycerylphosphorylcholine phosphocholine phosphodiesterase 

(GPC-PP) using the artificial substrate p-nitrophenylphosphorylcholine (pNPP) (Janzen et al., 

1990; Sok & Kim, 1994), and 2’3’cyclic nucleotide 3’phosphodiesterase (CNPase) were 

quantified in triplicate as described in detail previously (Del Bigio et al., 1997b; Kanfer & 

McCartney, 1990). Dorsal parietal cerebrum samples were homogenized for quantitation of 

myelin basic protein (MBP – a marker of myelin content) and glial fibrillary acidic protein 

(GFAP – a marker of reactive astrogliosis) by ELISA as described before in detail (Khan et al., 

2006). Colorimetric assays were performed in triplicate to ensure reproducibility. Absolute 

protein content was calculated from purified standards. The samples were regionally quantified 

for statistical comparisons between hydrocephalic ferrets and controls, as well as to establish the 

time course of injury. 

 

Mitochondrial Enzyme Histochemistry 

 To test the hypothesis that changes in mitochondrial activity accompany the reduced 

blood flow in hydrocephalic brain, frozen left occipital lobe brain tissue was cryosectioned (16 

μm thickness) coronally encompassing regions of grey and white matter. Using protocols 

routinely used in muscle enzyme histochemistry, the activity of nicotinamide adenine 

dinucleotide (NADH – present in complex I of the mitochondrial electron transport chain), 

succinic dehydrogenase (SDH – present in complex II), and cytochrome c oxidase (COX – 

present in complex IV) were detected (Sarnat et al., 2011). The histochemical reaction product 



 116 

was quantified by densitometry using Image J software, where the mean intensity of staining of 

the brain sections for each enzyme was compared to the intensity of the background on the slide 

where no tissue was present. 

 

Statistical Analysis 

 Unless otherwise stated, all data are presented as mean ± standard error of the mean 

(SEM). The qualitative assessments for the sham control and hydrocephalic ferrets were 

analyzed separately from the quantitative measures, which were performed using ANOVA and 

general linear model (GLM) analyses. Post-hoc analyses were conducted for some measures 

using the Bonferroni-Dunn multiple comparisons approaches where indicated. Two-tailed 

Student’s t-tests were conducted for behavioral testing, ventricle size, histological data, 

biochemical, and ELISA values to compare the control and hydrocephalus groups. For the 

histologic, MRI, ELISA, and biochemical data, all 45 ferrets were examined from the 8 litters 

obtained, whereas data was only collected from litters 4-7 (n = 28) for behavioral testing. 

However, for the corpus callosum width, only younger (P14-P21) and older (P48-P54) ferrets 

were compared to determine if appreciable age-related differences were present. For the Olig2 

cell count measures, P14-P21, P35-P38, and P48-P54 ferrets were assessed to compare age-

related changes within and between control and hydrocephalic groups. In addition, quantitative 

behavioral, ELISA, and histological data were assessed to confirm a normal distribution. 

Nonparametric measures were also performed for GFAP and Iba-1 immunostaining scores using 

Mann–Whitney U test and flow void proportions with Chi square analysis. For all analyses, p 

values ≤ 0.05 were deemed statistically significant. Statistical analyses were conducted using the 

SPSS 14.0 software program. 
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Results 

Mortality 

 Of the 26 kaolin-injected juvenile ferrets, 8 died or were euthanized because of severe 

neurological deficit 12 hours to 2 days post-injection. Of the remainder, 1 failed to develop 

hydrocephalus and 2 developed only slight ventricular dilatation and were excluded from the 

study. Twelve of the remaining survivors were euthanized between P21 and P43 at 

predetermined endpoints; the target survival for the other 3 severely hydrocephalic ferrets had 

been P56, however they had to be sacrificed between P48 and P54 due to significant weight loss 

and physiological debilitation (Table III.1). Age-matched controls (n = 20) were euthanized 

between P14 and P56 to acquire comparative developmental data. 

 

Magnetic Resonance Imaging 

 MR imaging showed that kaolin injections into the cisterna magna were associated with 

progressive dilatation of the cerebral ventricles and aqueduct in juvenile ferrets (Fig. III.2). Most 

of the hydrocephalic ferrets displayed increased signal on the T2-weighted images in the 

periventricular white matter from 2 days post-injection onward; this signifies elevated water 

content early on and damaged tissue at older ages. The lateral ventricle showed the most 

significant enlargement overall; hydrocephalic ferrets had lateral ventricles that were more than 

11 times larger than controls (19.6% vs. 1.7% of cerebrum ratio; p < 0.001, ANOVA). When the 

ventricles were enlarged, the subarachnoid compartment over the dorsal cerebrum was 

compressed. Enlargement of the third and fourth ventricles was less substantial but also 

statistically significant. The cerebral aqueduct displayed the least difference with a 42% increase 
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in size compared to controls (1.6% vs. 1.1% of midbrain ratio; p = 0.007, ANOVA) (Fig. III.3). 

Similar to rats (Del Bigio et al., 1997b), reduced signal in the cerebral aqueduct, indicative of 

increased CSF pulsatile flow (flow void) (Bradley et al., 1986), was detected in 48/73 images 

performed on hydrocephalic ferrets and 0/42 images performed on control ferrets (p < 0.0001, 

Chi square) (Fig. III.2). Within the hydrocephalic ferret group at all ages studied, those with flow 

void had larger ventricles (p < 0.0004, t test).  

 

Behavioral Assessments 

 Behavioral testing began at P7 (n = 14) or P9 (n = 14) to establish baseline performance 

before kaolin or sham injections were performed (at P13-14). Successful induction of 

hydrocephalus was associated with weight loss the days immediately following injection. 

Hydrocephalic ferrets weighed 30% less than control ferrets overall (p = 0.005, ANOVA), and 

displayed a 17% decrease in weight by P21 (Fig. III.4). From P48-P54, the severely 

hydrocephalic ferrets became increasingly debilitated and experienced major weight loss of 38%. 

The hydrocephalic ferrets also displayed slightly dome-shaped heads as a result of ventricular 

expansion (Fig. III.5). 

 During the first week of testing, both groups showed similar behavioral performance with 

little movement or exploratory behavior when placed into the open field (Christensson & 

Garwicz, 2005). Pivoting behavior and contact-righting were present at P9 in all animals. There 

were no appreciable differences between hydrocephalic and control ferrets for either behavior. 

By approximately P28, all the ferrets were crawling and were consistently able to perform 

contact-righting efficiently, so it was discontinued after P35. The transition to walking occurred 

around P35-37, which coincided with the cessation of pivoting behavior. This also showed no 
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difference between groups (data not shown). Subsequently, the length of path covered and 

number of squares traversed in the open field began to rise dramatically around P42. There was 

an overall increase of about 430% and 330% in distance traveled by ~P49 for control and 

hydrocephalic ferrets, respectively (Table III.2). Hydrocephalic animals became increasingly 

hyperactive wandering in circles with their heads down and backs hunched, sometimes walking 

into the sides of the enclosure. Overall, hydrocephalic ferrets entered about 200% more squares 

(p = 0.012, ANOVA) and traveled 245% further compared to control animals (p = 0.015, 

ANOVA) during the open field testing. Control animals spent time trying to escape the open 

field box and began performing supported rearing at approximately P40-P42. Hydrocephalic 

animals typically did not perform supported rearing in the open field box (Table III.2). 

 

Gross and Histopathological Changes 

 The kaolin suspension had dispersed from the cisterna magna, surrounding the medulla 

and extending rostrally in the basal subarachnoid space (Fig. III.5). Ventricular enlargement was 

associated with increased brain width, decreased depth of the cerebral sulci, and severe thinning 

of the cerebrum in the occipital region. Histological examination showed ventriculomegaly 

corresponding to the MR imaging along with rarefaction and fragmentation of periventricular 

white matter after P21 (Fig. III.6). There were no obvious changes in the neuronal populations of 

the cerebral cortex, unless the underlying white matter was completely destroyed (e.g. the 

occipital region), nor were there obvious changes in the neurons of the basal nuclei or 

hippocampi. The SVZ at the angle and lateral wall of the frontal ventricle showed progressive 

thinning with maturation. In the P14 ferret, the SVZ is thick, corresponding to the GE. With 

maturation, there is gradual regression along the lateral wall. A small collection of SVZ cells 
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persists at the angle of the ventricle in adult control ferrets. In hydrocephalic ferrets, the layer 

was irregular, less densely populated, and slightly thinner, particularly with severe ventricular 

dilatation. 

 Solochrome cyanine staining demonstrated negligible myelin in the corpus callosum and 

alveus of the hippocampal formation at P14. Myelin staining gradually increased from P21-P56 

(Fig. III.7), but had not reached adult levels. Myelin staining in hydrocephalic ferrets was absent 

where the white matter was destroyed, but in intact white matter, myelin staining was not 

obviously different than controls up to P54, the latest stage evaluated. Densitometric analysis of 

myelin staining with solochrome cyanine showed no significant difference in intensity for the 

P48-P54 hydrocephalic ferrets compared to the P49-P56 control animals (p = 0.320, t-test).  The 

corpus callosum was significantly thinner in hydrocephalic ferrets compared to control animals 

overall (p = 0.001, ANOVA) with hydrocephalic ferrets exhibiting a 71% decrease in thickness 

by P21 and a 66% decrease by P48-P54 compared to control ferrets (Table III.3). We attempted 

to assess other specific white matter tracts. Boundaries of the alveus over the hippocampus were 

difficult to assess, even in the P56 control ferrets due to lack of myelination. Severe distortion 

prevented accurate and reliable comparisons between the control and hydrocephalus groups. 

Myelin staining at the level of the medulla oblongata in the P48-56 ferrets showed minimal 

staining in the descending corticospinal tracts (pyramids) of controls and no obvious difference 

in hydrocephalics. NF immunostaining of axons was performed in P48-56 ferrets at the level of 

the medulla oblongata and cervical spinal cord. There were no consistent differences between the 

hydrocephalic and control animals except that one hydrocephalic ferret exhibited swollen axons 

within and adjacent to the pyramids along the ventral aspect of the caudal medulla (data not 

shown). 
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Cell Proliferation and Differentiation 

 Control ferrets showed an approximately 25% decrease in SVZ width from P21 to P56, 

while the hydrocephalic ferrets showed about 35% reduction from P21 to P54. Ki-67 

immunostaining showed that control ferrets exhibited significantly higher proportions of 

proliferating cells than hydrocephalic ferrets at all time-points from P21-P54 in the SVZ (Fig. 

III.8). In the controls, Ki-67 expression ranged from 16.9% at P13-P16 to 31.7% at P48-P54, 

whereas hydrocephalic ferrets showed Ki-67 positive cell expression ranging between 1.4% at 

P35-P38 to 10.6% at P13-P16. Although the width of the SVZ progressively reduced, 

proliferative activity in the SVZ of P48-P54 control ferrets remained high. In the dentate gyrus 

(DG), control ferrets showed only slightly greater Ki-67 expression compared to hydrocephalic 

animals with control values averaging 4.9% overall and hydrocephalic values averaging 3.8%, 

but there was no significant difference between the two groups in Ki-67 positive cell expression, 

nor were there significant maturational differences at the ages examined. 

 Olig2 immunostaining of glial precursors in dorsal frontal white matter showed 

maturation-related density changes (p = 0.009, ANOVA) with hydrocephalic ferrets displaying 

significantly reduced expression compared to controls overall (p = 0.036; t-test) (Fig. III.9). In 

addition, hydrocephalic ferrets exhibited 30% lower Olig2 expression compared to control 

animals at P35-P38 (40.9% vs. 58.6% Olig2 positive cells; p = 0.041; t-test) and 31% lower 

(25.3% vs. 36.5%) at P48-P54 (p = 0.016, t-test). 

 

Cell Death and Reactive Changes in the Cerebrum 
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 Apoptotic cells were detected by activated caspase 3 immunostaining (Fig. III.10). 

Overall, control ferrets between P14-P56 exhibited significantly fewer apoptotic cells than age-

matched hydrocephalic ferrets around the SVZ at the angle of the lateral ventricle (p = 0.015, 

ANOVA). In both groups, activated caspase 3 expression peaked at P42-P43 with 17.5% in 

controls and 32.0% in hydrocephalic ferrets, but the difference was not statistically significant. In 

the subgroup analysis, there was a significant difference between control and hydrocephalic 

ferrets at P35-P38 (p = 0.001, t-test). In the DG and hippocampal region, hydrocephalic ferrets 

exhibited slightly higher rates of caspase 3 expression compared to control ferrets overall (5.2% 

vs. 2.0%), and at most ages examined. The difference was statistically significant at P21 

(hydrocephalic 14.8% vs. control 0.0%, p = 0.003, t-test). 

 Qualitative assessment of APP expression showed that control animals exhibited 

negligible labeling in white matter, whereas all hydrocephalic ferrets had many damaged axons 

along the roof of the lateral ventricle and corpus callosum, as well as in the alveus of the 

hippocampal region. There was a rough association between the quantity of damaged axons and 

the ventricle size. Fluoro-Jade B staining for damaged neurons was absent in both control and 

hydrocephalic ferrets in the hippocampal region. 

 In both control and hydrocephalic ferrets, GFAP immunostaining labeled astrocytes in 

the subpial, perivascular, and periventricular regions from approximately P14 onward. 

Hydrocephalic ferrets displayed increased GFAP expression by hypertrophic reactive astrocytes 

in the periventricular white matter and deep cortical regions (Fig. III.11). Semi-quantitative 

grading revealed significantly greater expression of GFAP at P48-P54 in the dorsal frontal cortex 

(0.3 vs. 1.7, p = 0.040, Mann-Whitney U) and the lateral angle of the frontal horn of the lateral 

ventricles (1.0 vs. 3.0, p = 0.014, Mann-Whitney U). There was slightly increased expression of 
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GFAP-positive astrocytes in the DG and hippocampus as the ferrets matured, but there were no 

significant differences between control and hydrocephalic animals. Biochemical analysis of 

GFAP content was also performed using ELISA in the dorsal frontal cortex/periventricular white 

matter samples. GFAP concentration peaked around P35 in controls and decreased progressively 

until about P56 when it matched adult levels (Fig. III.11). Hydrocephalic ferrets showed 

progressive increases in GFAP content until P54, and it was significantly higher than in control 

brains overall (16.04 vs. 8.41 mg/g, p = 0.011, ANOVA) and particularly at P48-P54 (29.90 vs. 

9.95 mg/g, p = 0.005, t-test). 

 Iba-1 immunoreactive microglia in the periventricular white matter were apparent in 

some control ferrets from P14-P56 (Fig. III.12). Hydrocephalic ferrets had significantly greater 

expression of Iba-1 in the corpus callosum, the dorsal frontal cortex, the subcortical white matter, 

and the lateral angle of the frontal horn of the lateral ventricles compared to controls. This was 

apparent by P16 and in general persisted for all time points examined (data not shown). There 

was also somewhat elevated expression of Iba1-positive microglia in the DG and hippocampus 

as the ferrets matured, but there were no significant differences between control and 

hydrocephalic animals. 

 

Myelin and Mitochondrial Enzyme Activity Changes 

 In the dorsal frontal cortex/periventricular white matter samples, there were significant 

maturation-related changes in CGalT, pNPP, and CNPase activity (Table III.4). CNPase is an 

enzyme present in oligodendrocyte cytoplasm and myelin (Braun et al., 1988). Its activity began 

to climb at P21 and near adult level was reached by P35-38. CGalT is an enzyme present in 

oligodendrocytes that are producing myelin, as well as the inner and outer lamellae of new 
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myelin (Koul et al., 1980; Roussel et al., 1987); its activity increased significantly at P35-38 and 

peaked at P56 in control ferrets. The adults showed very little CGalT activity, which is expected 

because adult brains are fully myelinated and not actively forming myelin. GPC-PP, an enzyme 

enriched in but not exclusive to myelin (Sok & Kim, 1994) and detectable using pNPP substrate, 

showed maturation-related increases also commencing around P35 and climbed rapidly between 

P48 and P56, at which time adult levels were reached. The content of MBP, which is one of the 

major stabilizing proteins of myelin, only began to increase at P56 and was 4 fold higher in adult 

brain (Table III.4). Myelin enzyme activity and MBP content were not significantly different in 

hydrocephalic ferrets compared to controls at any age. This likely reflects the fact that 

hydrocephalic ferrets were sacrificed at the time when myelin formation was just beginning. 

 Densitometric measurement of the histochemical reactions for mitochondrial enzymes in 

the occipital cerebrum was performed. COX increased by 70%, NADH increased by 95%, and 

SDH increased by 265% as the ferrets matured from P14-21 days to P48-56 days (all p < 0.001). 

However, there were no significant differences between control and hydrocephalic ferrets. 

 

Discussion  

Comparative models have shown high conservation in the order and relative timing of 

neurodevelopmental events across a range of mammalian species. Based upon 95 developmental 

features, predominantly the appearance and apparent maturation of various neuronal sites, Finlay 

and coworkers (Clancy et al., 2001; Darlington et al., 1999) concluded that there is approximate 

cortex maturation equivalency among postnatal day 5 rat, postnatal day 14 ferret, postnatal day 

60 cat, and gestational day 143 human. However, considering the white matter structural damage 

that occurs in hydrocephalus, onset of myelin deposition in the corpus callosum may be more 
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relevant. Comparison of several morphologic studies indicates that this occurs in the rat around 

postnatal day 10-13 (Jacobson, 1963), in the ferret around postnatal day 21 (this study; Barnette 

et al., 2009), in the cat around postnatal day 21 (Remahl & Hildebrand, 1982), and in the human 

during postnatal month 3 (Brody et al., 1987). These discrepancies highlight the importance of 

regional specificity for interspecies comparisons. 

 Kaolin injection into the cisterna magna has been used to induce hydrocephalus in a 

variety of animal species because the technique is effective, relatively simple to perform, and 

inexpensive (Khan & Del Bigio, 2006). Our goal was to develop a model of hydrocephalus in a 

gyrencephalic mammal that is born at a relatively immature state to allow investigation of 

changes comparable to hydrocephalus in premature birth. Despite our substantial experience 

inducing hydrocephalus using percutaneous injections of kaolin, we experienced considerable 

difficulty initially because unlike rodents, kittens, and dogs, the cervico-occipital junction of 

ferrets is narrow and leaves little space for needle placement. The technique was fairly successful 

in 13-14 day old juvenile ferrets. Subsequent changes associated with hydrocephalus could be 

examined up to 54 days, after which the neurological compromise was too severe. Similar to 

other species, the magnitude of ventricular dilatation was somewhat variable, perhaps related to 

variable dispersion of kaolin in the subarachnoid space. 

 In terms of behavioral deficits, previous work with rats and mice showed significant 

impairments in balance, posture, and gait, as well as a lag in weight gain associated with 

hydrocephalus (da Silva Lopes et al., 2009; Del Bigio et al., 1997b; 2003). In the hydrocephalic 

juvenile ferrets, we observed similar lag in weight gain and eventual weight loss. Hydrocephalic 

and control ferrets showed motor development similar to that described by Christensson and 

Garwicz (2005) in terms of pivoting, crawling, walking, and contact-righting. A rigorous 
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analysis of gait stability was not possible in the tests we used; considering that the ferrets become 

severely debilitated at a relatively early age following kaolin injection at P14, it is unlikely that 

sophisticated mazes would be of any value (Rabe et al., 1985). The hydrocephalic ferrets had 

abnormal posture with a hunched back and performed decreased exploratory rearing. Prior to 

severe debilitation, they were hyperactive and wandered in the open field without obvious 

purpose. Hyperactivity with inattention has been observed in hydrocephalic human children 

(Burmeister et al., 2005). It has been attributed to disengagement of the posterior cerebral (i.e., 

parietal) attention systems due to severe damage in this region (Brewer et al., 2001b). The ferrets 

had damaged corpus callosum and atrophic occipito-parietal regions. Another possible 

explanation for the wandering is cortical blindness resulting from disconnection of the visual 

cortex. Degeneration of retinal ganglion cells has been documented in kittens with kaolin-

induced hydrocephalus (Williamson et al., 1992). 

 Destructive and reactive changes in hydrocephalic ferret brains included ventricular 

dilatation accompanied by corpus callosum atrophy and thinning, cerebral cortex compression, 

periventricular white matter damage, and reactive astroglial and microglial changes. These 

changes are very similar to those described in other species including mice (da Silva Lopes et al., 

2009), rats (Del Bigio & Zhang, 1998; Khan et al., 2003a; 2007), rabbits (Weller & Wisniewski, 

1969), cats (Del Bigio et al., 1994), dogs (Weller et al., 1971), and humans (Del Bigio, 2010a; 

Weller & Shulman, 1972). In particular, we must consider the similarities in reports by 

McAllister II and coworkers. They used kaolin to induce hydrocephalus in 4-11 day old kittens, 

which have brains that are very similar in size and structure to those of ferrets. After 15-25 days 

they documented slight compression of layer 6 in the anterior frontal cortex (“area 4”), moderate 

compression and disorganization of the lateral temporal cortex (“area 22”), and severe atrophy 
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and disorganization of the occipital cortex/visual area (“area 17”) (Wright et al., 1990-1991). 

The axotomy and deafferentation is associated with severe alterations of neuronal dendrites and 

synapses in area 17 (Eskandari et al., 2004; Kriebel et al., 1993). As in the ferrets, cystic 

cavitation with hemorrhage can occur in the periventricular white matter and internal capsules 

(McAllister et al., 1991) and reactive astroglial changes with accumulation of GFAP accompany 

the damage (Eskandari et al., 2011). Relatively subtle ultrastructural changes occur in the 

hippocampal neurons (Kriebel & McAllister, 2000). Despite the severe subcortical damage and 

disconnection of the occipital lobes, there were no detectable changes in the tissue mitochondrial 

enzyme activity using COX, NADH, and SDH. This was somewhat surprising considering the 

known metabolic changes in the cerebrum of experimental hydrocephalus (Tamaki et al., 

1990b), and the documented morphological changes in mitochondria of hydrocephalic human 

and animal brains (Aliev, 2006; Boillat et al., 1997; Castejon, 1994). Though there was severe 

subcortical damage, neuron loss was negligible, and there were only mild reactive astroglial and 

microglial changes in the frontal cortex and hippocampus. Reactive astroglial changes detected 

by GFAP immunostaining coincided with biochemical analysis of GFAP content, which was 

significantly greater for hydrocephalic animals compared to controls. Reactive astrogliosis 

occurs commonly in hydrocephalic brains (Del Bigio & Bruni, 1988a; Del Bigio et al., 1994; 

Jiménez et al., 2009; Khan et al., 2006; Miller & McAllister, 2007). 

 In terms of cellular changes, one of the most interesting findings was the rapid 

hydrocephalus-associated decline in cell proliferation (demonstrated by reduced Ki-67 

immunoreactivity) in the SVZ and periventricular white matter from P14-P54. In addition, the 

periventricular collection of SVZ cells was reduced in volume and disorganized. Earlier studies 

with immature rats and mice reveal similarly reduced SVZ proliferation using Ki-67 



 128 

immunostaining and BrdU incorporation (da Silva Lopes et al., 2009; Jiménez et al., 2009; Khan 

et al., 2006; Mashayekhi et al., 2002; Miyan et al., 1998). In the study of H-Tx rats by 

Mashayekhi et al. (2002), proliferating cells were lost from the GE. They suggested that local 

modifications in CSF composition could be causative (Owen-Lynch et al., 2003). This 

phenomenon should not be confused with the increased cell proliferation due to reactive glial 

changes that occurs in adult hydrocephalic rabbits (Del Bigio & Bruni, 1988a) and in rats with 

hydrocephalus induced at 2-3 weeks (Del Bigio & Zhang, 1998; Weller et al., 1978). Previous 

work suggests that Ki-67 positive cells in the SVZ of P14-P56 ferrets are precursors of astroglia 

and oligodendroglia, but not neurons. Ferrets are born in a relatively immature state with 

lissencephalic brains; most cortical development occurs postnatally (Jackson & Hickey, 1985). 

Cortical neurogenesis in ferrets commences at ~E20 in utero then ends at ~P2 in the 

somatosensory cortex (Noctor et al., 1997) and ~P14 in the visual cortex (Jackson et al., 1989). 

The majority of cortical folding and brain volume increase occurs from P14-P28 (Neal et al., 

2007). Unlike the SVZ of lissencephalic species (e.g. rats and mice), the SVZ of gyrencephalic 

species (e.g. ferret) is subdivided into an inner SVZ (ISVZ) and outer SVZ (OSVZ). Progenitor 

cells in the ISVZ and OSVZ vastly exceed progenitors in the ventricular zone (VZ) (Borrell & 

Reillo, 2012; Fietz et al., 2010; Reillo & Borrell, 2012). The OSVZ contains basal radial glia 

(bRG) (Schmechel & Rakic, 1979), which in ferrets are rarely neurogenic (Borrell & Reillo, 

2012), and become astrocytogenic later in development (Reillo et al., 2011). Glial genesis occurs 

postnatally in the visual cortex and cerebral walls of ferrets (Voigt, 1989) commencing 

approximately at birth (P0) with astrocytes becoming abundant after P14-P21 (Martínez-Cerdeño 

et al., 2012; Reillo & Borrell, 2012).  

The transcription factor, Olig2, appears in ferret brains on postnatal day 10 (Martínez-
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Cerdeño et al., 2012). Olig2 has been shown to direct oligodendrocyte formation in the postnatal 

SVZ (Marshall et al., 2005), and therefore is commonly considered to be a marker of 

oligodendrocyte precursors. However, it is also shown to be a regulator of motor neurons in the 

spinal cord and of some astrocytes during development, particularly in the gray matter of the 

mouse adult cerebral cortex (Dimou et al., 2008; Takebayashi et al., 2002). Several studies have 

shown that Olig2 is upregulated in reactive astrocytes after cortical injury in the cerebral cortex 

of adult mice (Chen et al., 2008; Dimou et al., 2008; Tatsumi et al., 2008).  We observed 

significantly reduced Olig2 expression in the white matter of hydrocephalic ferrets, despite the 

same brain regions showing considerable reactive astroglial change. Whether reduced quantity of 

Olig2+ cells is a consequence of reduced production by the SVZ, direct suppression in the 

damaged white matter, or increased Olig2+ cell death remains unclear. The overall reduction in 

Olig2 expression combined with the increased abundance of reactive astrocytes suggests that a 

non-astroglial population, most likely oligodendrocytes, expresses Olig2 in hydrocephalic ferret 

brains. We are conducting a follow-up immunohistochemistry study focused on the 

characterization of cell types that are proliferating or dying in the SVZ and periventricular white 

matter of developing ferrets with hydrocephalus. 

 Concurrent with suppressed proliferation, we observed hydrocephalus-related increases 

in apoptotic cell death in the SVZ, periventricular white matter and corpus callosum, DG, and 

hippocampus of the hydrocephalic ferrets. Previous work by Miyan et al. (1998) using 

hydrocephalic H-Tx rats showed that cortical thinning was associated with increased apoptotic 

cell death in the germinal matrix after P10 when intracranial pressure rose substantially. TUNEL 

labeling of damaged DNA showed dying oligodendrocytes and possibly cortical neurons 4 weeks 

after injection of kaolin into 3-week-old rats (Del Bigio & Zhang, 1998). Neuronal death by 
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necrosis and apoptosis tends to occur only following an extended period of hydrocephalus, 

whereas periventricular white matter oligodendrocytes are vulnerable at early stages of 

hydrocephalus (McAllister, 2012). In our study, the cells that expressed activated caspase 3 were 

present in the same regions that exhibited reduced Olig2 staining. Loss of the oligodendrocyte 

population would leave axons exposed and vulnerable to damage from ventricular expansion. 

Hence, it will be important to determine the oligodendroglial cell fates in these hydrocephalic 

ferrets as they develop.  

 Biochemical analysis of CNPase, CGalT, GPC-PP (pNPP), and MBP all displayed 

maturational increases in activity and/or concentration in the brains of both control and 

hydrocephalic ferrets, but despite obvious white matter damage in hydrocephalic brains, there 

were no decreases in the myelin markers with respect to the total tissue protein. The explanation 

lies in the fact that we were forced to terminate the experiment at P54, the age at which stable 

myelin production begins to increase very rapidly. Prior to that, there are only fairly small 

amounts of myelin, and where axons are preserved, the remaining oligodendrocytes seem 

capable of producing myelin. In ferrets, an analysis of T2-weighted MR images suggests that 

cerebral myelination in ferrets reaches adults levels by approximately 6 months of age (Neal et 

al., 2007). Tao et al. (2012) showed by immunohistochemical detection of MBP that cerebral 

myelination in the ferret is sparse at P20 and quite abundant at P30. Although the MR 

experiment coincides with our results, the latter experiment suggests earlier myelination than 

either our solochrome cyanine staining or the myelin-related enzyme content. The absence of 

significant myelin changes as a consequence of hydrocephalus contrasts with our previous 

studies of hydrocephalic juvenile rats (Del Bigio et al., 1997c; Khan et al., 2003a; 2007) wherein 

we observed retardation of myelin production. However, in our biochemical analysis of 14-day 
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hydrocephalic mouse brains, we observed a slight but not significant reduction of MBP (da Silva 

Lopes et al., 2009). It may be necessary to examine older hydrocephalic ferrets to investigate the 

impact of hydrocephalus on the process of myelin production. 

 In summary, we have thoroughly described the use of percutaneous kaolin injection into 

the cisterna magna to induce hydrocephalus in juvenile ferrets. Kaolin-induced hydrocephalus in 

these ferrets was associated with progressive ventricular enlargement, which was accompanied 

secondarily by axonal damage in the periventricular white matter, astroglial hyperplasia and 

hypertrophy, microglial activation, increased cell death, and reduced cell proliferation in the 

SVZ. These responses were coupled with behavioral and biochemical changes that are similar to 

humans and other species examined previously. Reduction of SVZ cell proliferation and glial 

precursor cells in the cerebral white matter indicate that brain development might be impaired 

even if shunting normalizes the ventricle size. This model may be beneficial for developing 

medical treatments that can be used as adjuncts to surgical shunt treatment. 
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Table III.1. Control and hydrocephalic ferret groups studied 

 Control Hydrocephalic 

Age at sacrifice (days) N N 

P13 – P16  3 8 

P21 3 2 

P35 – P38 4 6 

P42 – P43 3 4 

P48 – P54 4 3 

P56 3 - 

Adult 3 - 

 

  



 133 

Table III.2. Behavioral analyses of control and hydrocephalic ferrets 

Ferret group Number of cells 

entered in open 

field 

Open field 

distance 

traveled (m) 

Number of 

open field 

rearing 

attempts  

Number of 

ambulatory 

movements in 

open field 

Total number of 

movements in 

open field  

P14 control 4.0     

P21 control 

P21 hydrocephalus 

12.5 ± 4.12 

38.0 ± 10.79* 

0.9 ± 0.28 

1.6 ± 0.36 

   

P35-38 control 

P35-38 hydrocephalus 

71.5 ± 9.44 

163.8 ± 45.68* 

3.2 ± 0.79 

11.2 ± 3.29* 

   

P42-43 control 

P42-43 hydrocephalus 

183.4 ± 27.55 

263.0 ± 37.69 

11.7 ± 1.88 

16.7 ± 2.38 

   

P48-54 control 

P48-54 hydrocephalus 

220.3 ± 18.28 

390.7 ± 25.67** 

14.0 ± 1.26 

37.3 ± 8.10* 

81.8 ± 35.09 

1.5 ± 1.50 

1210.7 ± 200.9 

5343.0 ± 106.0** 

1570.7 ± 247.5 

5940.5 ± 37.5** 

56 day control   407.7 ± 288.4 1514.3 ± 917.4 1990.7 ± 660.3 

NOTE: All data are expressed as mean ± standard error of the mean. Statistical comparisons were made using Student’s t-

tests for intergroup comparisons. Significant p values are shown for comparisons to control values (* p < 0.05, ** p < 0.01). 
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Table III.3. Corpus callosum measurements of control and hydrocephalic ferrets 

Ferret group Midline corpus 

callosum width (mm) 

Lateral corpus callosum 

width (mm) 

14 day control 

14 day hydrocephalus 

0.42 ± 0.20 

0.43 ± 0.22 

0.50 ± 0.10 

0.43 ± 0.21 

21 day control 

21 day hydrocephalus 

0.52 ± 0.23 

0.16 ± 0.05 

0.54 ±0.07 

0.16 ± 0.06 

48-54 day control 

48-54 day hydrocephalus 

0.77 ± 0.06 

0.25 ± 0.05** 

0.78 ± 0.07 

0.26 ± 0.07* 

56 day control 0.74 0.88 

NOTE: All data are expressed as mean ± standard error of the mean. Statistical 

comparisons were made using Student’s t-tests for intergroup comparisons. Significant p 

values are shown for comparisons to control values (* p < 0.05, ** p < 0.01). 
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Table III.4. Myelin-related enzyme activity and ELISA measurements of protein content in the 

frontal cerebrum of control and hydrocephalic ferrets 

Ferret group CNPase
a
 CGalT

b
 pNPP

c
 MBP

d
  

14 day control 

14 day hydrocephalus 

0.06 ± 0.01 

0.06 ± 0.01 

0.18 ± 0.09 

0.08 ± 0.03 

16.17 ± 3.24 

15.20 ± 2.64 

3.16 ± 0.003 

3.23 ± 0.11 

 

35-38 day control 

35-38 day hydrocephalus 

0.16 ± 0.01** 

0.16 ± 0.01** 

0.43 ± 0.06 

0.50 ± 0.06** 

69.59 ± 4.25 

67.76 ± 3.43** 

8.94 ± 0.84 

8.40 ± 0.58** 

 

42-43 day control 

42-43 day hydrocephalus 

0.14 ± 0.01* 

0.17 ± 0.01** 

0.28 ± 0.11 

0.38 ± 0.01* 

66.99 ± 10.01 

74.98 ± 3.07** 

8.61 ± 2.56 

7.80 ± 1.03** 

 

48-54 day control 

48-54 day hydrocephalus 

0.24 ± 0.10* 

0.18 ± 0.03** 

0.35 ± 0.14 

0.45** 

62.88 ± 15.20 

77.61** 

10.57 ± 2.01 

8.70 ± 0.21** 

 

56 day control 0.17 ± 0.02** 1.01 ± 0.07** 134.14 ± 4.24** 21.19 ± 0.72**  

Adult control 0.16 ± 0.003** 0.10 ± 0.02 111.08 ± 37.81 77.60 ± 4.93**  

NOTE: All data are expressed as mean ± standard error of the mean. Statistical comparisons were made using 

GLM followed by Bonferroni-Dunn post hoc testing for intergroup comparisons. All assays exhibited a 

significant age-related increase in activity and/or concentration, but none of them showed an overall significant 

difference between control and hydrocephalic ferrets. 

a
 Mean activity in μM/mg protein/minute ± SEM. * p < 0.05 vs. 14 days age; ** p < 0.01 vs. 14 days age. 

b
 Mean activity in nM/mg protein/hour ± SEM. * p < 0.05 vs. 14 days age; ** p < 0.01 vs. 14 days age. 

c
 Mean activity in nM/mg protein/hour ± SEM. * p < 0.05 vs. 14 days age; ** p < 0.01 vs. 14 days age. 

d
 Mean mg MBP/g protein ± SEM. * p < 0.05 vs. 14 days age; ** p < 0.01 vs. 14 days age. 
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Fig. III.1. Schematic diagram of the right hemisphere of the ferret brain viewed coronally at the level of 

the frontal horn of the lateral ventricle. The outlined squares indicate where cell counts were performed 

for Ki-67, activated caspase 3, Olig2, GFAP, and Iba1 immunostaining. Angle – lateral angle of frontal 

horn; CC – corpus callosum; Ctx – cerebral cortex; Fx – fornix; Str – striatum; Sub WM – subcortical 

white matter; SVZ – subventricular zone; V – lateral ventricle 
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Fig. III.2. Magnetic resonance (MR) images showing progressive hydrocephalus in ferrets that underwent 

injection of kaolin into the cisterna magna at 14 days age. In these T2-weighted images, cerebrospinal 

fluid (CSF) is white (bright) in the ventricles and subarachnoid space (SAS). The ventricles are barely 

visible in control ferrets (arrows). The frontal images depict the coronal view of the cerebral cortex at the 

level of the frontal horn of the lateral ventricle, and the hindbrain images display a region of the hindbrain 

viewed transversely with the fourth ventricle (white) located between the cerebellum (top) and the 

medulla oblongata (bottom). Ventricular enlargement is evident early (two days post-kaolin injection) in 
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hydrocephalic ferrets and shows progressive dilatation as they age (arrows). The white matter signal is 

also abnormally bright in the hydrocephalic ferrets due to increased water content. In addition, the SAS is 

obvious in controls but not in hydrocephalic ferrets due to expansion (arrowheads). Lastly, flow void 

phenomenon, suggestive of increased CSF pulsatile flow, is evident in the cerebral aqueduct of the 

midbrain of hydrocephalic ferrets (arrowhead) but not control animals. 
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Fig. III.3. Ventricle and cerebral aqueduct size measurements for control (white bars) and hydrocephalic 

(black bars) ferrets injected respectively with either saline or kaolin into the cisterna magna at ~14 days 

age. A) Mean lateral ventricle (frontal horn) area to forebrain area ratio (%); B) Mean third ventricle 

width to forebrain width ratio (%); C) Mean cerebral aqueduct area to midbrain area ratio (%); and D) 

Mean fourth ventricle area to hindbrain area ratio (%). In all locations except the cerebral aqueduct, the 

CSF compartment was significantly enlarged at all time points. Error bars represent ± 1 standard error of 

the mean. * Indicates significant difference between control and hydrocephalic ferrets at p < 0.05, ** p < 

0.01, and *** p < 0.001, Student’s t-test. 



 140 

 

Fig. III.4. Mean weight (g) of control (dashed line) and hydrocephalic (solid line) ferrets as a function of 

age. Following an initial lag in weight gain evident at 21 days, hydrocephalic ferrets gained weight as 

well until ~P43, after which time they lost weight. Error bars represent ± 1 standard error of the mean. * 

Indicates significant difference between control and hydrocephalic ferrets at p < 0.05 and *** p < 001, 

Student’s t-test. 
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Fig. III.5. A) Photographs depicting lateral head images of control (left) and hydrocephalic (right) ferrets. 

The hydrocephalic animals displayed only slightly dome-shaped heads (black arrow) compared to 

controls. B) and C) Photographs showing dorsal and ventral views of ferret brains at ~P35, 3 weeks after 

sham injection and kaolin injection into the cisterna magna. The hydrocephalic brain is wider, the sulci 

are less prominent (green arrow) and the occipital cerebrum is thinned to transparency (black arrow). 

Kaolin in the basal subarachnoid space obscures the brainstem details (red arrow). 
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Fig. III.6. Photomicrographs showing the subventricular zone (SVZ) at the dorsolateral angle of the 

frontal horn of the lateral ventricle (V) in control (A & C) and hydrocephalic (B & D) ferret brains at P21 

and P54-56. The SVZ in controls showed progressive thinning with maturation. The hydrocephalic ferrets 

showed progressive enlargement of the ventricle and fragmentation of the periventricular white matter 

(black arrows in D). In hydrocephalic ferrets, the SVZ was irregular, less densely populated, and slightly 

thinner, particularly with severe ventricular dilatation. Hematoxylin and eosin (H&E) stain. Total 

magnification: 200x – A-D, Scale Bar = 100μm. 
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Fig. III.7. Photomicrographs showing myelin staining using solochrome cyanine (blue) without any 

counterstaining in control (A-B, E-F, & I-J) and hydrocephalic (C-D & G-H) ferret brains. There was 

minimal myelin staining in the periventricular white matter (WM) and corpus callosum (CC) above the 

lateral ventricle (V) 7 days after saline and kaolin injections (21 days age) in both control (A, B) and 

hydrocephalic (C, D) ferrets. At P56 in control animals (E) and P54 in hydrocephalic ferrets (G), there is 

visibly increased myelin staining, but the hydrocephalic ferrets (H) show severe tissue damage yet 

displayed no reduced myelin staining compared to controls (F) even at a higher magnification. There is 

also less myelin staining at P56 compared to adult control ferrets (I, J). Hydrocephalic ferrets showed 

severe ventricular dilatation and cystic degeneration of white matter (*). Total magnification: 12.5x – A, 

C, E, G, & I, Scale Bar = 1.0mm; 400x – B, D, F, H, & J, Scale Bar = 50μm. 
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Fig. III.8. Photomicrographs showing Ki-67 immunoreactivity (brown nuclei) in the subventricular zone 

(SVZ) and periventricular tissue of control (A, C) and hydrocephalic (B, D) ferret brains at P35 and P50-

P56. In control brains, Ki-67 immunostaining showed a proportionate increase in cell proliferation from 
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P35 (A) to P56 (C), despite the overall reduction in SVZ cell population with maturation. This suggests 

that the SVZ remains an active site of cell generation to P56. In hydrocephalic ferrets, the SVZ had 

reduced Ki-67 expression at P35 (B) and P50 (D) compared to controls. The bar graph (E) shows reduced 

proportion of Ki-67 immunoreactive SVZ cells in hydrocephalic brains (black bars) compared to controls 

(white bars) at all ages, except P13-P16. Error bars represent ± 1 standard error of the mean. Total 

magnification: 400x – A-D, Scale Bar = 50μm. * Indicates significant difference compared to P13-P16 

ferrets at p < 0.05 and ** p < 0.01, multifactorial ANOVA, Bonferroni-Dunn post hoc testing for 

intergroup comparisons. # Indicates significant difference between control (C) and hydrocephalic (H) 

animals at p < 0.05 and ## p < 0.01, Student’s t-test. 
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Fig. III.9. Photomicrographs showing Olig2 immunoreactivity (brown nuclei) in the periventricular gyral 

white matter of control (A, C) and hydrocephalic (B, D) juvenile ferret brains. At ~P35, Olig2 staining of 

glial precursor cells showed greater expression in control ferrets (A) compared to hydrocephalic animals 
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(B). Both control (C) and hydrocephalic (D) ferrets displayed reductions of glial precursor cells by P48-

54. The bar graph (E) shows reduced proportion of Olig2 immunoreactive white matter cells in 

hydrocephalic brains (black bars) compared to controls (white bars) at all ages. Error bars represent ± 1 

standard error of the mean. Total magnification: 600x – A-D, Scale Bar = 50μm. # Indicates significant 

difference between control (C) and hydrocephalic (H) animals at p < 0.05, Student’s t-test. 
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Fig. III.10. Photomicrographs showing activated caspase 3 immunoreactivity (brown cells) in the 

periventricular white matter of control (A, C) and hydrocephalic (B, D) juvenile ferret brains. Apoptotic 

cells, which express activated caspase 3, were present around the subventricular zone (SVZ) cells at the 

angle of the lateral ventricle (V) and in the surrounding white matter of P42 controls (A), but were more 
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abundant in P42 hydrocephalic ferrets (B). Control ferrets exhibited negligible apoptotic cell expression 

in the same regions by P49 (C), whereas hydrocephalic ferrets exhibited similar or slightly decreased 

caspase 3 expression in these regions by P49 (D). The bar graph (E) shows higher proportions of activated 

caspase 3 immunoreactive cells in the white matter dorsal to the lateral ventricle of hydrocephalic brains 

(black bars) compared to controls (white bars). Error bars represent ± 1 standard error of the mean. Total 

magnification: 400x – A-D, Scale Bar = 50μm. * Indicates significant difference compared to P13-P16 

ferrets at p < 0.05 and ** p < 0.01, multifactorial ANOVA, Bonferroni-Dunn test.  ## Indicates 

significant difference between control (C) and hydrocephalic (H) animals at p < 0.01, Student’s t-test. 
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Fig. III.11. Photomicrographs showing GFAP immunoreactivity (brown) in control (A, C, & E) and 

hydrocephalic (B, D, & F) juvenile ferret brains. At ~P35, GFAP immunolabeling showed perivascular 

astrocytes in the periventricular white matter & corpus callosum of controls (A). GFAP expression was 

increased in hydrocephalic ferrets at P35 with reactive astrocytes in white matter and deep cortex (B). At 

~P49, control (C & E) ferrets showed slightly fewer GFAP expressing cells than P35 animals, whereas 

hydrocephalic (D & F) ferrets displayed increased widespread GFAP expression in reactive astrocytes 

surrounding the frontal horn of the lateral ventricle (V). Total magnification: 400x – A-D, Scale Bar = 

50μm; 1850x – E, Scale Bar = 10μm; 2200x – F, Scale Bar = 10μm.   

Bar graph (G) shows the biochemical analysis of GFAP content using ELISA in the dorsal frontal 

cortex/periventricular white matter samples. GFAP concentration (mg/g) peaked around P35 in controls 

and decreased progressively until about P56 when it reached adult levels. Hydrocephalic ferrets showed 

elevated levels of GFAP content at all ages examined and was significantly higher than controls overall 

and particularly at P48-P54. * Indicates significant difference compared to P13-P16 ferrets at p < 0.05, ** 

p < 0.01, and *** p < 0.001, multifactorial ANOVA, Bonferroni-Dunn test. ## Indicates significant 

difference between control (C) and hydrocephalic (H) animals at p < 0.01, Student’s t-test. 
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Fig. III.12. Photomicrographs showing Iba1 immunoreactivity (brown) in periventricular white matter (V 

= frontal horn of lateral ventricle). Only a few reactive microglia were present in the periventricular white 

matter or deep cortex of control ferrets at P35 (A) or P49 (C). Many reactive microglia were present in 

hydrocephalic ferrets at P35 (B) and P49 (D). In (D), there is an inset showing an enlarged region along 

the region from the lateral angle of the anterior horn of the lateral ventricle displaying some reactive 

microglia. Total magnification: 400x – A-D, Scale Bar = 50μm; 1050x – Inset. 
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Abstract 

 Hydrocephalus is a neurological condition where altered cerebrospinal fluid (CSF) 

dynamics is associated with expansion of ventricular cavities in the brain. Previous research has 

shown reduced proliferative cells and glial precursors in the ganglionic eminence (GE), 

subventricular zone (SVZ), and/or periventricular white matter regions in human fetuses with 

hydrocephalus, as well as ferret and rodent models of experimental hydrocephalus. Our objective 

was to further characterize the histological cellular changes in juvenile ferrets and human fetuses 

with hydrocephalus. Fourteen-day old ferrets were given an injection of kaolin (aluminum 

silicate) into the cisterna magna with subsets sacrificed weekly until postnatal day (P)54. Human 

fetuses (20-37 gestational weeks) with aqueductal occlusion were examined. Hydrocephalic 

fetuses trended towards reduced proliferating cells in the GE compared to nonhydrocephalic 

controls.  Compared to age-matched nonhydrocephalic controls, hydrocephalic fetuses showed 

no differences in Tcf4 expression of oligodendrocyte precursor cells (OPCs) in periventricular 

white matter regions, except when double-labeled with Olig2, which revealed significantly 

higher double-labeling in hydrocephalic fetuses. Olig2 expression was often reduced in 

hydrocephalic fetuses when double-stained with both Tcf4 and glial fibrillary acidic protein 

(GFAP). GFAP expression did not differ between control and hydrocephalic fetuses.  

Hydrocephalic ferrets also exhibited no differences compared to controls in Tcf4 expression in 

periventricular white matter regions, but showed reduced expression when double-labeled with 

Olig2.  Olig2 expression was usually lower in hydrocephalic ferrets when double-stained with 

both Tcf4 and GFAP.  Meanwhile, GFAP expression did not differ significantly between control 

and hydrocephalic ferrets.  Lastly, there was a low ratio of double-labeling of glial precursors in 

both humans and ferrets for all three combinations of double immunofluorescent staining. In 
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conclusion, early hydrocephalus-induced periventricular brain damage does involve glial 

precursors, but it may also include oligodendrocyte and/or neuronal precursor populations. 

Further investigation is required to determine the specificity of cellular changes in the brain 

associated with early chronic hydrocephalus. 

Keywords: Hydrocephalus, ferret, fetus, subventricular zone, germinal eminence  
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Introduction 

 Hydrocephalus is a neurological condition where altered cerebrospinal fluid (CSF) 

dynamics leads to expansion of ventricular cavities in the brain. The histopathological insults of 

this condition are dependent on the cause, the age of onset, and the rate of ventriculomegaly (Del 

Bigio, 2001b; Hochwald, 1985). Most research has focussed on the damage that occurs in 

periventricular white matter and gray matter regions. However, with respect to fetal onset 

congenital hydrocephalus and hydrocephalus associated with complications of premature birth, it 

is important to understand the secondary effects of ventriculomegaly on brain development. 

During human fetal neurodevelopment commencing after about 15 weeks gestation, the germinal 

matrix/ganglionic eminence (GE) is a prominent highly vascularized periventricular structure 

arising from the SVZ located beneath the ependyma along the lateral ventricles (Ballabh, 2010; 

Del Bigio, 2011). It is densely populated with proliferating neuronal precursor cells including 

GABAergic inhibitory interneurons, basal nuclei neurons, and thalamic neurons (Letinic & 

Rakic, 2001; Marin et al., 2000; Zecevic et al., 2011), as well as oligodendrocyte and astrocytic 

glial precursor cells (Jakovcevski et al., 2009).  It is present until about 34-36 weeks gestation, 

where final involution occurs leaving only a small region of the remaining SVZ that persists into 

adulthood (Del Bigio, 2004).  Throughout fetal development, the GE vasculature has some 

morphological differences compared to the cortical mantle and periventricular white matter 

including a larger density and cross-sectional area of blood vessels (Ballabh et al., 2004), less 

glial fibrillary acidic protein (GFAP)-positive perivascular astrocytic endfeet and pericytes 

(Braun et al., 2007; El-Khoury et al., 2006), and lower levels of TGFβ and fibronectin (Ballabh, 

2010; Xu et al., 2008), which are important for formation, stability, and/or structural integrity of 

the blood-brain-barrier and microvasculature in the brain.  These and other related properties 
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make the GE extremely vulnerable to intraventricular hemorrhage (IVH) during prenatal and 

early postnatal development, which can subsequently lead to post-hemorrhagic hydrocephalus 

(PHH). 

Hydrocephalic H-Tx rats, which develop aqueduct stenosis and ventricular enlargement 

beginning at 18 days gestation (Jones & Bucknall, 1988), display aberrant expression of 

neurotrophic factors BDNF-, NT-3-, FGF-1-like immunoreactivity in the ventricular zone (VZ) 

but not cerebral cortex at postnatal day (P)6 (Fukumitsu et al., 2000). Miyan and coworkers 

suggested that disturbances in critical signaling molecules carried by CSF of H-Tx rat lead to 

decreased cell proliferation, impaired cell cycling, and/or increased cell death and ultimately 

arrested migration of glial cells from the germinal epithelium into the cerebrum (Mashayekhi, 

2012; Mashayekhi et al., 2000; 2001; 2002; Miyan et al., 1998; Owen-Lynch et al., 2003; 

Vetsika et al., 1999).  

 One study induced hydrocephalus in 6-week-old rats with kaolin and examined the 

residual SVZ along the ventricle wall, which exhibited increased nestin immunoreactive cells at 

3 and 7 days after kaolin injection, but this trend was diminished by 3 weeks compared to control 

rats (Li et al., 2014).  Related to this, nestin is not normally expressed by healthy astrocytes, but 

it is expressed by glial and neuronal precursors in humans and rodents and upregulated in 

reactive astrocytes following CNS injury (Frisén et al., 1995; Lin et al., 1995; Ridet et al., 1997), 

which can also dissipate in immunoreactivity with time (Clarke et al., 1994).  Reactive astrocytes 

are found in the SVZ and periventricular white matter following hydrocephalus (Del Bigio, 

2001; Del Bigio et al., 1994; Del Bigio & Zhang, 1998; Di Curzio et al., 2013), so one would 

expect nestin expression to remain upregulated with this chronic condition.  Meanwhile, in our 

previous study of ferrets that received intracisternal kaolin on postnatal day (P)14, we observed a 
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significant reduction in proliferating cells and increased cell death in the SVZ, along with 

decreased glial precursors identified by Olig2 immunostaining in periventricular white matter 

regions (Di Curzio et al., 2013).  Thus, our goal in the current study was to elucidate further the 

cellular changes in the SVZ/GE and periventricular white matter of juvenile ferrets with 

hydrocephalus. In addition, we wanted to determine if similar neuropathological cellular changes 

occur in human fetuses with hydrocephalus, thereby addressing the hypothesis that early onset 

hydrocephalus alters cellular brain development. 

 

Methods 

Human fetal hydrocephalus 

Permission to use these autopsies was granted by the Human Research Ethics Board 

(protocol #H2011:212) at the University of Manitoba. Brains from human fetuses and premature 

infants were examined completely at the macroscopic and microscopic levels by an experienced 

neuropathologist; the findings were correlated with those in the somatic autopsy, clinical history, 

and imaging. Brains were removed 24-38 hours after death and fixed in 10% formalin for 7-14 

days before tissue regions were sampled for paraffin embedding and microscopic examination. 

Hydrocephalic cases were selected only if the CSF pathway obstruction was in or distal to the 

cerebral aqueduct, and there was no evidence of primary cerebral malformation or destructive 

process. Hydrocephalic cases (n=8) and age-matched controls ranged between 20-37 gestational 

weeks. These fetuses all died in utero or shortly after delivery. None of the in utero deaths had 

evidence of significant maceration or autolysis. Etiology and severity of ventriculomegaly is 

described in Table 1. Hydrocephalus was considered severe if the ventricle enlargement was 

sufficient to damage corpus callosum. In cases with blood clot in the aqueduct, which have been 
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described in a previous publication (Lategan et al., 2010), a proximal source of blood was not 

identified and could not account for changes in the periventricular tissue (Del Bigio 2011). 

Tissue block including the caudate nucleus head / ganglionic eminence and adjacent corpus 

callosum was sectioned at 5 μm thickness. 

 

Ferret hydrocephalus 

 All details of the ferret experiment are described in a previous publication (Di Curzio et 

al., 2013). Briefly, pigmented sable ferrets (n = 43) were purchased from Marshall Farms (North 

Rose, NY), as jills with litters. They were treated humanely according to the guidelines set forth 

by the Canadian Council on Animal Care, and the institutional animal ethics committee approved 

the experimental protocols. Induction of hydrocephalus by injection of a 20% sterile kaolin 

suspension into the cisterna magna on P14. Littermate nonhydrocephalic controls (n = 20) were 

given sham injections of sterile saline solution. They were euthanized at P13-P16, P21, P35-P38, 

P42-P43, P48-P54, and P56 by deep anesthesia (isoflurane 5% in oxygen) followed by 

exsanguination. The vasculature was flushed by transcardiac perfusion with ice-cold 0.1 M 

phosphate-buffered saline (PBS), and the brains were rapidly removed. The right cerebrum was 

immersion fixed in 3% buffered paraformaldehyde for 3-7 days, cut into 3mm thick coronal 

slices, dehydrated, and embedded in paraffin. Frontal lobe at the coronal level of the caudate 

nucleus head / ganglionic eminence was sectioned at 6 μm thickness. 

 

Histology & Fluorescent Immunohistochemistry 

 Coronal sections of the cerebrum at the level of the frontal horn of the lateral ventricles 

were analyzed using immunohistochemical and double immunofluorescence methods.  For the 
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single immunohistochemical staining, both the human fetal and ferret brain tissues were used to 

detect Tcf4 and determine if there were differences in the number of oligodendrocyte precursor 

cells (OPCs) in periventricular regions between hydrocephalic and control groups.  The fetal 

tissue was further stained with Ki-67 to determine if hydrocephalic fetuses showed a reduced 

quantity of proliferating cells compared to controls as shown previously in other human fetuses 

with prematurity-associated hemorrhage (Del Bigio, 2011) and hydrocephalic ferrets (Di Curzio 

et al., 2013).  For the double immunofluorescent staining, the human and ferret tissues were 

stained for combinations of GFAP, Olig2, and Tcf4 to determine if Olig2-positive glial 

precursors were indicative of an OPC lineage by double-labeling more with Tcf4 or an astroglial 

lineage by double-staining more with GFAP.  Double-labeling for GFAP with Olig2 would be 

indicative of astrocytic glial precursors, while GFAP staining alone would mark astrocytes and 

separate Olig2 staining would likely indicate OPCs in the regions.  For GFAP with Tcf4, they 

should display no double-labeling as GFAP marks astrocytes and Tcf4 should label OPCs.  The 

expression of Olig2 with Tcf4 double-labeling and Tcf4 alone should mark OPCs, whereas 

separate Olig2 staining could indicate alternate glial precursor demarcation (Table 2). Two 

different anti-GFAP antibodies were required to allow double-labeling with mono- and 

polyclonal antibodies. 

 Antigen retrieval was used to facilitate antigen exposure and enhance labeling for 

respective antibodies for both single and double immunostaining by microwaving slides in 0.01 

M sodium citrate buffer pH 6.0 for 20 min. Primary antibodies underwent overnight incubation 

at 4°C for all double immunostaining and Tcf4 staining of the human fetal tissue, whereas Ki-67 

and ferret Tcf4 immunostaining used 1 hour and 2 hour incubation at room temperature, 

respectively. For immunohistochemical staining, primary antibodies were followed by 
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incubation with corresponding biotinylated secondary antibodies, followed by reaction with 

streptavidin-peroxidase, detection with diaminobenzidine (DAB, Sigma-Aldrich D5905; St. 

Louis, MO, USA), and lastly counterstaining with hematoxylin before mounting and 

coverslipping. For double immunofluorescent staining, primary antibodies were followed by 

detection with appropriate fluorescent Cy3- and Alexa Fluor 488-conjugated secondary 

antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), followed by brief 

staining with the nuclear marker 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich D8417, 

St. Louis, MO, USA), mounted with liquid fluorescent mounting media (KPL 71-00-16, 

Gaithersburg, MD, USA), and coverslipped.  Negative controls were processed without the 

primary antibodies for all staining. 

 Quantitative cell counting analyses were conducted for both human fetal and juvenile 

ferrets brain sections at 400x ocular magnification at the lateral angle of the anterior horn of the 

lateral ventricles, focusing on the GE, SVZ, and periventricular white matter regions, such as the 

corpus callosum. For both single immunohistochemical staining and double fluorescent labeling, 

the number of positively stained cells for each respective immunostain was assessed as a ratio of 

the total number of cells counted in the different brain regions.  In some of the ferret samples, the 

hydrocephalic animals showed severe distortion of the lateral angle of the anterior horn of the 

lateral ventricle and damage to the periventricular regions, but the remaining visible SVZ 

enabled us to quantify the site for comparison to controls.  

 

Statistical Analysis 

 All data are presented as mean ± standard error of the mean (SEM) and were assessed to 

confirm a normal distribution. The quantitative measures for the nonhydrocephalic control and 
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hydrocephalic fetuses and ferrets were analyzed using Student’s paired and independent t-tests 

and ANOVA to compare between groups.  For the 43 ferrets, further subgroup analyses were 

conducted to assess age-related changes within and between control and hydrocephalic groups. 

For all analyses, p values ≤ 0.05 were considered statistically significant. Statistical analyses 

were completed using the SPSS 19.0 software program. 

 

Results 

Human Fetal Brains - Gross Morphological Changes and Cell Proliferation 

 In hydrocephalic human fetuses, ventricular enlargement was evident. Histological 

examination of the fetal brains showed some damage to periventricular white matter and adjacent 

regions; however, ventriculomegaly was not severe where all cases showed similar lateral 

ventricles expansion.  Thus, corpus callosal thinning was present in some fetuses but 

fragmentation of periventricular regions was not observed.  The GE/SVZ at the angle and lateral 

wall of the anterior horn of the lateral ventricles exhibited progressive thinning with maturation 

whether hydrocephalus was present or not (Figure IV.1).  In the 20-21 fetal week humans, the 

GE/SVZ was very prominent with numerous concentrated nuclei.  This region gradually 

dissipated along the lateral wall as the specimens aged to 36-37 fetal weeks, where it persisted as 

a thin layer of cells along the lateral ventricles. Although it was not that obvious from gross 

morphological inspection, compared to nonhydrocephalic human fetuses, the hydrocephalic 

fetuses displayed an irregular GE/SVZ that appeared slightly less densely populated and 

somewhat narrower, especially as ventricular dilatation increased (Figure IV.1). 

 Single immunohistochemical staining of Ki-67 expression for proliferating cells was 

conducted on the human fetal periventricular brain tissue.  For Ki-67 expression, there was no 
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significant difference in the GE region between hydrocephalic and nonhydrocephalic fetuses, but 

the hydrocephalic group did show a slightly lower expression of Ki-67 compared to the control 

group (data not shown). Further examination still displayed no significant differences among the 

different age groups, but the ratio of proliferating cells decreased as the age of the fetuses 

increased, which was somewhat higher in the control group than hydrocephalic fetuses at all 

time-points from 20-21 weeks until 36-37 gestational weeks in the GE (data not shown). 

 

Fetal Glial Precursors Single Immunohistochemistry and Double Immunofluorescence 

 Single immunohistochemical staining of Tcf4 expression for OPCs was performed on the 

human fetal periventricular brain tissue. Positive cells for Tcf4 were observed in all 

hydrocephalic and nonhydrocephalic human fetuses in periventricular white matter regions 

(Figure IV.2). Overall, there were no significant differences in Tcf4 expression between 

hydrocephalic and nonhydrocephalic groups. When subdividing the experimental groups by age, 

they still showed no differences in Tcf4 labeled OPCs, but expression did rise as the age of the 

fetuses increased (data not shown). 

 In the human fetuses, fluorescent double immunostaining was performed in 

periventricular regions including the SVZ/GE and surrounding white and grey matter for 

astrocytes and glial precursors using combinations of antibodies for GFAP, Olig2, and Tcf4. The 

first set compared the expression of GFAP with Olig2 in periventricular regions.  The human 

fetuses exhibited very little GFAP/Olig2 double-labeling of astroglial precursors for both groups; 

however, the hydrocephalic group displayed somewhat higher GFAP expression and reduced 

Olig2 staining compared to nonhydrocephalic fetuses, but neither difference was significant 
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(Figure IV.3; Table IV.3). Further examination of the different age groups showed similar trends 

but were also not significant.   

 The second set of double immunofluorescence staining compared GFAP with Tcf4 

expression. There was no GFAP/Tcf4 double-labeling for both groups of fetuses, as expected, 

and little difference between groups for separate GFAP and Tcf4 expression, which was the 

same among the different age groups (Figure IV.3; Table IV.3). 

 Lastly, the third set compared the expression of Olig2 and Tcf4 in periventricular regions. 

For the human fetuses, there was very little Olig2/Tcf4 double-labeling of OPCs for both groups, 

but it was significantly higher for the hydrocephalic group (p = 0.048, t-test; Figure IV.3; Table 

IV.3). The hydrocephalic group also displayed significantly reduced Olig2 expression overall (p 

= 0.001; t-test) and at 22-25 weeks (p = 0.017; ANOVA) but no difference in Tcf4 staining 

compared to nonhydrocephalic fetuses, except at 20-21 gestational weeks (p = 0.024, ANOVA; 

Table IV.3).   

Ferret Brains - Gross Morphological Changes 

 In the kaolin-injected hydrocephalic ferrets, ventricular enlargement was also apparent. 

Histological examination of the ferret brains showed that increased severity of ventriculomegaly 

corresponded to rarefaction and fragmentation of periventricular white matter, particularly after 

P21.  The GE/SVZ at the angle and lateral wall of the anterior horn of the lateral ventricles 

exhibited progressive thinning with maturation in juvenile ferrets with and without 

hydrocephalus (Figure IV.1).  In the P14 ferrets, the GE/SVZ was very prominent with a 

multitude of concentrated nuclei.  This region gradually dissipated along the lateral wall as the 

ferrets aged to P56, and it persists as a thin layer of cells along the lateral ventricles in adult 
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nonhydrocephalic ferrets. Compared to the human fetuses, the hydrocephalic ferrets displayed a 

more noticeably irregular SVZ that was less densely populated and relatively narrower along 

with an appreciably thinned corpus callosum, especially as ventricular dilatation increased 

(Figure IV.1). 

Ferret Glial Precursors Single Immunohistochemistry and Double Immunofluorescence 

 Single immunohistochemical staining of Tcf4 was performed on ferret periventricular 

brain tissue. Similar to the human fetuses, there were Tcf4-positive cells observed in all 

hydrocephalic and nonhydrocephalic ferrets in periventricular white matter regions (Figure 

IV.2), except in the adult control ferrets where myelinated fibers were evident. Overall, there 

were no significant differences in Tcf4 expression between hydrocephalic and nonhydrocephalic 

groups, but the hydrocephalic ferrets did display a slightly lower expression of Tcf4 compared to 

the control group (data not shown). When conducting subanalyses amongst experimental groups 

by age, the ferrets exhibited increased Tcf4 expression until about P40 and then reduced slightly 

and stabilized in different periventricular white matter regions, such as the corpus callosum and 

subcortical white matter.  The hydrocephalic ferrets often exhibited slightly lower expression; 

however, they only showed significantly reduced ratios at P21 compared to controls in both 

white matter regions (Figure IV.2; ANOVAs, p < 0.05). 

 Fluorescent double immunostaining for GFAP, Olig2, and Tcf4 was also performed with 

juvenile ferrets in periventricular regions including the SVZ/GE and surrounding white and grey 

matter. When comparing the expression of GFAP with Olig2, the ferrets also displayed little 

GFAP/Olig2 double-staining for both groups, but it was relatively higher than for the humans 

(Figure IV.4; Table IV.4).  Meanwhile, the hydrocephalic ferrets exhibited slightly higher GFAP 
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expression and decreased Olig2 labeling compared to nonhydrocephalic controls overall, but 

only the latter was significant (p = 0.011, t-test; Table IV.4).  Among the different age groups, 

P21 hydrocephalic ferrets showed significantly greater expression of GFAP, while the P48-54 

group displayed significantly decreased Olig2 staining compared to controls (both p < 0.05, 

ANOVA; Table IV.4).   

 The second set of double immunofluorescence staining compared GFAP with Tcf4.  For 

the juvenile ferrets, the same trends emerged as with human fetuses where no GFAP/Tcf4 

double-staining was visible for both groups.  In addition, there were no significant differences for 

separate GFAP and Tcf4 expression between hydrocephalic and control ferrets overall, as well as 

amongst all age groups (Figure IV.4; Table IV.4). 

 The last set compared the expression patterns of Olig2 and Tcf4 in the juvenile ferrets. 

They displayed a low ratio of Olig2/Tcf4 double-staining for both groups that did not differ 

significantly, except at P13-16 (p = 0.045, ANOVA), and it was relatively greater than for the 

human fetuses (Figure IV.4; Table IV.4). The hydrocephalic ferrets did show significantly 

reduced Tcf4 expression overall (p = 0.005; t-test) and at P13-16 (p = 0.025, ANOVA) and P48-

54 (p = 0.008, ANOVA) but no difference in Olig2 labeling compared to nonhydrocephalic 

controls overall and amongst the different age groups (Table IV.4). 

 

Discussion 

In this study, we compared proliferative activity within the GE/SVZ region of human 

fetuses.  In addition, we examined the developmental patterns of glial cells in periventricular 

brain regions in hydrocephalic human fetuses and juvenile ferrets using markers for OPCs, 

astrocytes, and their precursors.  We had previously examined kaolin-induced hydrocephalic 
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juvenile ferrets and found reduced staining of Olig2+ cells and increased reactive astrocytes in 

periventricular white matter regions, along with decreased proliferative cells in the SVZ (Di 

Curzio et al., 2013).  From these results, we wanted to elucidate whether the reduction in glial 

precursors was more associated with oligodendrocyte or astrocyte lineage in the same ferrets, 

along with investigate if similar patterns occurred in human fetuses with hydrocephalus. 

Hydrocephalus was associated with somewhat reduced Ki-67+ proliferating cells, 

although not significantly, unlike our ferret study (Di Curzio et al., 2013).  One study with young 

adult mice found no significant differences in cell proliferation, quantity of neuroblasts, and 

migration pattern of neuroblasts in the SVZ between hydrocephalic and control animals 

examined seven days after hydrocephalus induction (González-Pérez, 2012).  However, previous 

work with either immature or mature rats and mice examining cell proliferation using Ki-67 

and/or BrdU incorporation found decreased proliferation in the SVZ (Campos-Ordoñez et al., 

2014; da Silva Lopes et al., 2009; Jiménez et al., 2009; Khan et al., 2006; Mashayekhi et al., 

2002; Miyan et al., 1998; Weller et al., 1978).  In the Campos-Ordoñez study (2014), they also 

found reduced quantities of neural progenitor cells (NPCs) and neuroblasts in the SVZ of adult 

hydrocephalus mice, along with decreased width of the SVZ, corpus callosum, and internal 

capsule in adult humans with hydrocephalus due to aqueductal stenosis.  Interestingly, one study 

suggested a vital role for neural progenitors in the pathogenesis of neonatal hydrocephalus, 

wherein impaired PDGFRα signaling led to a two-fold elevation in apoptotic cell death and 

about 50% reduced proliferation of NG2+PDGFRα+ NPCs in the SVZ of Bardet-Biedl 

syndrome mutant mice at P3 and P7 compared to wild type mice (Carter et al., 2012).  

Meanwhile, the Jiménez study (2009) examined newborn and adult hyh hydrocephalic mice, 

where they showed disorganization and decreased proliferative cells and NPCs in the SVZ.  
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However, the hyh mouse is a more complex genetic model affecting various cell processes that 

not only leads to a distinctly reduced cerebral cortex and subsequent ventriculomegaly that is 

typically lethal between a few weeks to 2 months (Bronson & Lane, 1990), but it is also a 

hypomorphic missense mutation of the Napa gene (α-SNAP) that is associated with mRNA 

instability, which disrupts neural cell determination by affecting cortical progenitor pools and 

laminar organization, as well as localization of several apical proteins thought to regulate neural 

cell fate (Chae et al., 2004; Hong et al., 2004).  Thus, it is difficult to interpret the cause of 

decreased cell proliferation in the hyh mouse model.  However, a recent study investigated both 

human hydrocephalic fetuses and the HTx rat, which, like the hyh mouse, displays disruption of 

the VZ along the ventral wall of the cerebral aqueduct leading to fetal onset of hydrocephalus.  

This detailed study found that VZ disruption due to cell junction pathology from aberrant 

expression of intercellular junction proteins N-cadherin and connexin-43 resulted in a decrease in 

NSCs and NPCs in the VZ and SVZ, in which both cell types are displaced into the CSF, along 

with abnormal neurogenesis in terms of impaired neuroblast migration and the formation of 

periventricular heterotopias (Guerra et al., 2015). 

With respect to the hyh mouse model, another study alternately found increased cell 

proliferation in ventricular and subventricular regions of hyh mice compared to wild type mice 

by exhibiting higher PCNA+ cells in the medial cerebral aqueduct from P1-P7 and dorsal walls 

of the third ventricle from P5-P21 (Bátiz et al., 2011).  This study further confirmed increased 

proliferative activity in the hyh mice in both ventricular regions by double-staining for different 

markers with either BrdU or Ki-67, which consistently showed higher BrdU+ and Ki-67+ cells in 

the same regions and postnatal temporal patterns as PCNA+ cells compared to wild type mice.  

A different study found increased mitotic activity of astrocytes and reactive astrocytes over the 
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corpus callosum and caudate nucleus by four weeks after hydrocephalus induction in adult 

rabbits that remained elevated even after shunting.  They also found temporarily increased 

mitotic activity of ependymal cells in both regions up to two weeks after hydrocephalus 

induction, which reduced to control levels by four weeks (Del Bigio & Bruni, 1988b).  Another 

study that induced hydrocephalus in rats at birth and injected them with BrdU starting at P21 

found that hydrocephalic rats displayed increased BrdU(+) nestin(+) cells in periventricular 

regions compared to control rats, which they reasoned were primarily aimed for astrocytic 

lineage for both groups (Fukushima et al., 2003).  It should be noted that nestin+ NPCs that are 

able to grow in culture are present in the CSF of premature human infants with posthemorrhagic 

hydrocephalus (Krueger et al., 2006).  Meanwhile, an earlier study found increased glial cell 

proliferation in hydrocephalic humans in normal and atrophic white matter tissue located 

between the ependymal lining to the cortex preceding myelination compared to normal control 

humans (Friede, 1962).  Another human study identified conditional cellular changes in the SVZ 

of hydrocephalic fetuses, where ependymal denudation coincided with elevated ß III tubulin+ 

neuroblasts located throughout a GFAP+ glial layer, as well as large quantities of neuroblasts 

protruding through the denuded ependyma into the ventricular lumen, which were not apparent 

in areas where the ependymal lining remained intact (Domínguez-Pinos et al., 2005).  

With conflicting evidence regarding cell proliferation changes in the SVZ and 

periventricular regions, it is difficult to interpret the results from the current study.  Although the 

reduction in proliferating cells in hydrocephalic human fetuses did not reach significance, this 

may be due to the small sample size available for analysis and/or the relatively mild 

ventriculomegaly in most of the clinical cases, which may also account for the mild reactive 

astrocytic changes we observed in the hydrocephalic fetuses.  At any rate, the slightly reduced 
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quantity of Olig2+ cells found in this study, our previous ferret hydrocephalus study (Di Curzio 

et al., 2013), and in human fetuses with prematurity-associated hemorrhage (Del Bigio, 2011) 

might all be a consequence of reduced production by the SVZ related to lower Ki-67 

immunoreactivity.  It could instead be associated with other factors, such as elevated cell death 

in periventricular regions or direct suppression in the damaged white matter, but these 

possibilities still remain uncertain.   

 Our results showed no differences in OPC+ cells with the marker Tcf4 using single 

immunolabeling in periventricular white matter regions between hydrocephalic and control 

ferrets and human fetuses.  Double immunofluorescent staining with Tcf4 and GFAP also 

displayed no differences in both species; however, double-staining with Tcf4 and Olig2 showed 

somewhat increased Tcf4 expression in hydrocephalic fetuses and reduced Tcf4 expression in 

hydrocephalic ferrets compared to their respective controls.  Meanwhile, double immunostaining 

for Olig2 with either GFAP or Tcf4 tended to exhibit reduced quantities of glial precursors in 

both humans and ferrets, similar to our previous study (Di Curzio et al., 2013), except for Olig2 

with Tcf4 double-labeling in ferrets, which trended towards increased expression with 

hydrocephalus, albeit not significantly.  Unlike our previous study, GFAP expression did not 

differ between control and hydrocephalic ferrets nor human fetuses, but it fluctuated between 

relatively increased and reduced expression when double-stained with both Olig2 and Tcf4 for 

both species.  A previous study has also shown no differences in GFAP expression between 

control and hydrocephalic rats that were aged between about 3-4 weeks old (Fukushima et al., 

2003).  Meanwhile, for all three combinations of double immunofluorescent staining, there was 

little to no double-labeling of the glial precursors in both humans and ferrets. 
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 Interspecies comparative brain development has been analyzed by Finlay and colleagues 

(Clancy et al., 2001; Darlington et al., 1999) using comparative mathematical modeling 

techniques to examine and predict the relative order and timing of close to 100 

neurodevelopmental events in different mammalian species including ferrets and humans.  Their 

work suggests that the cortical maturation in a P14 ferret, when we induced hydrocephalus, is 

approximately equivalent to gestational day 143 (between gestational weeks 20-21) in humans.  

The current study compared the two species commencing at these age time points, but we did not 

focus on cortical development per se.  Instead, we examined periventricular regions focusing 

mainly on white matter development of glial cells because appreciable white matter structural 

and cellular damage occurs after ventricular dilatation in hydrocephalus, which has been 

demonstrated in a variety of species. With this in mind, different morphological studies have 

shown that myelin deposition occurs in periventricular white matter regions around P21 in the 

ferret (Barnette et al., 2009; Di Curzio et al., 2013) and during postnatal month 3 in human 

infants (Brody et al., 1987).  In this sense, the ferrets were examined at time points further along 

than the human fetuses in terms of the glial and white matter myelin development, but this was 

primarily because induction of hydrocephalus before P14 was not feasible in the ferrets, i.e., all 

neonatal ferrets died shortly after induction (Di Curzio et al., 2013).  Despite these 

developmental discrepancies, the interspecies comparisons were relatively similar for all cellular 

analyses conducted in this study. 

 For GFAP/Tcf4 double-staining, we expected and observed no co-labeling because these 

antibodies should mark different cell types, i.e., astrocytes and OPCs, respectively.  In particular, 

GFAP is a specific marker for healthy and reactive astrocytes, and it is expressed early in 

development in the SVZ of certain neural stem and progenitor cells with glial-restricted cell fate 
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(Tobin et al., 2014).  Meanwhile, Tcf4, also referred to as Tcf7l2, is an oligodendrocyte-related 

transcription factor that is essential for the initial specification of OPCs, the maturation of OPCs 

and oligodendrocytes, the expression of several downstream myelin genes (such as CNPase, 

myelin basic protein, and proteolipid protein), and is involved in the remyelination process (Fu et 

al., 2009; Fu et al., 2012; Korinek et al., 1998).  Thus, the results coincided with their 

differential cellular specificity. 

 Alternately, both GFAP/Olig2 and Olig2/Tcf4 co-labeling were expected to yield much 

higher ratios than obtained in both species.  Both sets of double immunofluorescent staining 

include Olig2, and it may be the key factor for these unanticipated results because of its complex 

expression patterns.  Olig2 is a transcription factor often considered an OPC marker because it is 

associated with oligodendrocyte specification and formation in the postnatal SVZ (Marshall et 

al., 2005).  It is closely related to Tcf4 expression, where one study apparently found that Tcf4 is 

the only glial-related transcription factor that displays 100% overlap with Olig2 expression (Fu 

et al., 2009).  The study was conducted with mice, whereas our study examined young ferret and 

human fetal brains, which consistently exhibited less than 10% overlap between these two 

transcription factors, similar to results found after traumatic brain injury in rats (Flygt et al., 

2013) and in an adult mouse model of CNS remyelination (Fancy et al., 2009).  In the ferret 

brain, Olig2 expression commences on P10 (Martínez-Cerdeño et al., 2012), while human brains 

express Olig2 much earlier during embryonic development before both neurogenesis and 

oligodendrogenesis starting at gestational week 5 in the GE and medial cerebral cortex 

(Jakovcevski & Zecevic, 2005).  The human study further showed that by midgestation, Olig2 

was expressed in all MBP+ oligodendrocytes in the forebrain and spinal cord, along with 50% of 

OPCs and a subpopulation of neuronal progenitors in the SVZ.  The researchers later proposed 
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differential cell lineage relationships between neurons and oligodendrocytes linked to Olig2 in 

the brain and spinal cord in human fetuses (Jakovcevski et al., 2009). 

 Other studies using rodents have also shown Olig2 to be a regulator of oligodendrocytes 

and motoneurons, along with some astrocytes, in the spinal cord and/or cerebral cortex during 

development and adulthood (Dimou et al., 2008; Richardson et al., 2000; Takebayashi et al., 

2002; Zhou & Anderson, 2002).  Olig2 is also upregulated in reactive astrocytes following 

cortical injury in adult mice (Chen et al., 2008; Dimou et al., 2008; Tatsumi et al., 2008). These 

rodent studies would suggest that we should have observed greater co-labeling between GFAP 

and Olig2 because they are both expressed in astroglial precursors and reactive astrocytes.  

Meanwhile, our previous study (Di Curzio et al., 2013) would suggest more Olig2/Tc4 double-

labeling of OPCs due to significantly reduced Olig2 expression yet appreciable reactive 

astroglial change in periventricular white matter of hydrocephalic ferrets. Since neither 

predominant double-labeling pattern occurred in the current study, Olig2 expression could 

signify primarily neuronal progenitors (particularly in the human fetuses) or even mature 

oligodendrocytes (in the juvenile ferrets), rather than glial precursors as initially expected.  Since 

Tcf4 and GFAP tended to show no significant differences in expression between hydrocephalic 

and control ferrets and human fetuses, it would suggest that ventriculomegaly did not 

appreciably impact glial precursor cell production.  Meanwhile, Olig2 expression was relatively 

decreased in both species in periventricular brain regions, similar to our previous study, which 

may be associated with impaired oligodendrocyte development.  This is because 

oligodendrocytes are particularly vulnerable to brain damage at early stages of hydrocephalus 

(McAllister II, 2012) and are reduced in number in periventricular white matter regions as 
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ventricular dilatation increases due to cell death related to ischemic damage, toxicity, and 

inflammation (Del Bigio & Zhang, 1998). 

 In summary, we have compared cellular changes that occur in the GE/SVZ and 

periventricular white matter brain regions of hydrocephalic human fetuses and kaolin-injected 

hydrocephalic juvenile ferrets.  Both the fetuses and ferrets showed similar cellular changes and 

periventricular damage, despite being examined at different developmental time points.  

Hydrocephalus was associated with some minor but inconsistent changes in Tcf4 and GFAP 

expression, which suggests relatively preserved glial precursor populations early after 

ventriculomegaly.  Instead, Olig2 expression tended to decrease in both human and ferrets, 

which may instead be indicative of oligodendrocytes and/or neuronal changes associated with 

periventricular structural brain damage. Partial reduction of GE/SVZ cell proliferation may also 

suggest impaired brain development. Thus, it is important to elucidate more clearly the cellular 

changes in the brain associated with hydrocephalus in order to target efficacious medical 

treatments that can be used in conjunction with surgical shunt treatment. 
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Table IV.1. Clinical details of human hydrocephalus cases and age-matched controls. 

Case # Hydrocephalus clinical details Age Control clinical details 

1 myelomeningocele (lumbar) + impacted 

cerebellum (Chiari type 2 malformation); 

moderate hydrocephalus 

21 weeks multicystic kidneys; brain normal 

2 occipital encephalocele + atresia of cerebral 

aqueduct; severe hydrocephalus 

21 weeks hypoplastic left heart; unilateral eye 

hypoplasia, slightly small cerebellum, 

ventricles normal 

3 myelomeningocele (lumbar); mild 

hydrocephalus 

21 weeks extreme prematurity; brain normal 

4 no obvious malformation or degenerative 

process – presumed distal CSF pathway 

obstruction; severe hydrocephalus 

22 weeks congenital skeletal anomalies; brain normal 

5 cerebral aqueduct obstructed by small blood 

clot; severe hydrocephalus 

22 weeks congenital cardiac anomaly; brain normal 

6 cerebral aqueduct obstructed by small blood 

clot; severe hydrocephalus 

22 weeks extreme prematurity; brain normal 

7 obstruction cerebral aqueduct by inflammatory 

cells, possibly infectious; moderate 

hydrocephalus 

24 weeks hydrops fetalis, hypoplastic lungs; brain 

normal 

8 occipital encephalocele + secondary scarring of 

cerebral aqueduct; moderate hydrocephalus 

37 weeks trauma from complicated delivery; brain 

normal 
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Table IV.2. Antibodies used for immunohistochemical detection of cell identity 

Protein target Cell identity / role Antibody type Source  Dilution References 

Tcf4 oligodendrocyte 

precursors (OPCs) 

monoclonal mouse Millipore 05-511; Temecula, 

CA, USA 

1/250-1/400 Fancy et al., 2009; Flygt et al., 2013 

Ki-67 proliferating cells polyclonal rabbit Novocastra NCL-Ki67p; 

Newcastle upon Tyne, UK 

1/500 Di Curzio et al., 2013 

GFAP quiescent and reactive 

astrocytes 

polyclonal rabbit DAKO Z0334; Glostrup, 

Denmark 

1/1000-1/2000 Di Curzio et al., 2013 

GFAP quiescent and reactive 

astrocytes 

monoclonal mouse Millipore MAB360 1/800-1/1000 Dottori et al., 2008 

Olig2 glial precursors polyclonal rabbit Millipore AB9610 1/200-1/300 Di Curzio et al., 2013 
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Table IV.3. Positive cell ratios (%) for double immunofluorescent labeling of glial precursors in hydrocephalic & control human fetuses 

Overall 

comparison, 

then by Age 

(weeks)  

GFAP# Olig2£ GFAP/Olig2 GFAP Tcf4§ Olig2 Tcf4 Olig2/Tcf4 

Hydrocephalic 

Control 

51.0 ± 4.2 

46.5 ± 3.5  

25.0 ± 4.8 

36.5 ± 3.9  

0.5 ± 0.2   

0.4 ± 0.1 

66.5 ± 4.4 

67.9 ± 1.3 

20.3 ± 3.5 

18.9 ± 1.4 

27.1 ± 6.4** 

58.4 ± 4.2 

17.4 ± 3.1  

13.4 ± 1.9 

2.3 ± 0.8* 

0.4 ± 0.2 

20-21 hydro  

20-21 control 

48.7 ± 4.5 

47.4 ± 5.6  

25.1 ± 7.4 

34.1 ± 5.2  

0.5 ± 0.3   

0.3 ± 0.2 

70.6 ± 7.7 

67.7 ± 1.6 

17.4 ± 5.0 

17.7 ± 2.7 

31.5 ± 11.0 

59.9 ± 7.0 

22.5 ± 3.3*  

9.8 ± 2.7 

1.3 ± 0.2   

0.4 ± 0.4 

22-25 hydro  

22-25 control 

49.5 ± 9.7 

41.2 ± 3.2  

30.8 ± 5.9 

45.1 ± 1.1  

0.8 ± 0.3   

0.4 ± 0.3 

63.6 ± 6.1 

69.5 ± 2.5 

25.3 ± 6.7 

20.7 ± 0.6 

26.1 ± 9.2* 

62.6 ± 1.4 

13.0 ± 5.5  

17.3 ± 1.6 

2.6 ± 2.0   

0.3 ± 0.3 

36-37 hydro  

36-37 control 

64.5        

58.3  

7.0          

20.4  

0.0            

0.4 

59.0        

63.6 

16.8         

18.2 

12.5           

40.0  

10.0           

16.3 

5.0            

1.3  

All data are presented as mean ± SEM 

#The values represent ratios of positive cells for GFAP staining only with GFAP/Olig2 double-labeling. 

£The values represent ratios of positive cells for Olig2 staining only with GFAP/Olig2 double-labeling. 

§The values represent ratios of positive cells for Tcf4 staining only with GFAP/Tcf4 double-labeling. There were no positive cells for 

GFAP/Tcf4 double-labeling and thus not included in the table. 

*p ≤ 0.05 control vs. hydrocephalic fetuses, Student’s t-tests or ANOVAs. 

**p ≤ 0.005 control vs. hydrocephalic fetuses, Student’s t-tests or ANOVAs. 
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Table IV.4. Positive cell ratios (%) for double immunofluorescent labeling of glial precursors in hydrocephalic & control juvenile ferrets 

Overall 

comparison, 

then by Age 

(postnatal 

days)  

GFAP# 

 

Olig2£ GFAP/Olig2 

 

GFAP 

 

 

Tcf4§ 

 

Olig2 

 

Tcf4 

 

Olig2/Tcf4 

 

Hydrocephalic 

Control 

50.2 ± 4.0 

47.1 ± 3.9  

6.2 ± 1.2*  

11.6 ± 1.6  

2.6 ± 0.6   

3.5 ± 0.8 

57.9 ± 3.3 

63.4 ± 4.1 

6.0 ± 0.7 

5.6 ± 1.0 

20.6 ± 2.0 

18.2 ± 1.4 

17.2 ± 1.2** 

24.9 ± 2.3 

5.6 ± 0.6 

6.4 ± 0.7 

13-16 hydro  

13-16 control 

43.1 ± 6.7 

41.5 ± 13.8  

9.6 ± 2.8    

17.5 ± 4.5  

1.0 ± 0.3* 

3.4 ± 1.2 

56.4 ± 3.7 

44.0 ± 9.6 

7.9 ± 1.8 

7.4 ± 2.0 

13.7 ± 2.7 

17.8 ± 2.7 

18.0 ± 1.5* 

27.8 ± 4.9 

4.0 ± 1.0* 

8.1 ± 1.0 

21 hydro        

21 control 

29.2 ± 5.4* 

48.9 ± 2.2  

3.4 ± 0.6      

8.1 ± 2.5  

1.5 ± 1.5   

3.6 ± 0.5 

49.1 ± 17.4 

72.7 ± 3.2 

4.8 ± 0.7 

4.6 ± 1.1 

17.9 ± 5.8 

9.6 ± 4.3 

9.2 ± 3.9 

36.7 ± 11.2 

7.1 ± 0.8 

5.9 ± 3.7 

35-38 hydro  

35-38 control 

63.9 ± 5.1 

58.3 ± 11.1  

3.9 ± 1.1      

7.6 ± 1.6  

3.4 ± 1.1   

5.6 ± 2.2 

66.4 ± 3.1 

76.2 ± 10.4 

4.1 ± 0.4 

4.9 ± 1.5 

25.1 ± 3.3 

21.9 ± 2.7 

17.6 ± 2.0 

17.4 ± 4.4 

6.2 ± 1.3 

7.1 ± 0.5 

42-43 hydro  

42-43 control  

63.3 ± 5.5 

53.4 ± 7.9  

4.1 ± 1.1      

8.0 ± 3.8  

6.0 ± 1.3   

7.0 ± 3.6 

49.2 ± 11.4 

53.7 ± 11.1 

4.9 ± 0.8 

4.1 ± 2.6 

27.5 ± 5.9 

19.8 ± 2.3 

22.7 ± 3.7 

21.4 ± 2.8 

5.3 ± 1.1 

3.9 ± 0.5 

48-54 hydro  

48-54 control 

38.5 ± 11.2 

28.4 ± 4.9  

6.1 ± 4.9*  

21.2 ± 3.2  

1.5 ± 1.5   

0.8 ± 0.5 

62.2 ± 13.9 

49.6 ± 6.0 

7.0 ± 1.6 

11.5 ± 3.4 

22.7 ± 3.4 

20.0 ± 0.6 

12.2 ± 1.9* 

25.3 ± 2.2 

7.8 ± 1.1 

6.6 ± 1.9 

All data are presented as mean ± SEM 

#The values represent ratios of positive cells for GFAP staining only with GFAP/Olig2 double-labeling. 

£The values represent ratios of positive cells for Olig2 staining only with GFAP/Olig2 double-labeling. 

§The values represent ratios of positive cells for Tcf4 staining only with GFAP/Tcf4 double-labeling. There were no positive cells for 

GFAP/Tcf4 double-labeling and thus not included in the table. 

*p ≤ 0.05 control vs. hydrocephalic ferrets, Student’s t-tests or ANOVAs. 

**p ≤ 0.005 control vs. hydrocephalic ferrets, Student’s t-tests or ANOVAs. 
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Figure IV.1. Photomicrographs showing the germinal epithelium (GE) and subventricular zone (SVZ) at 

the level of the frontal horn of the lateral ventricle (V) in human fetus (A & B) and juvenile ferret brains 

(C & D).  Compared to the fetal brains at 21 gestational weeks (A), the GE of 36-37 gestational week 

fetuses (B) is appreciably thinner, and it is irregular and less densely populated in the hydrocephalic fetus 

brain. The same patterns emerge when comparing the SVZ of the P14 ferret brains (C) with the P49 

ferrets (D). Hematoxylin and eosin (H&E) stain. Total magnification: 40x – A-B, Scale Bar = 500μm; 

100x – C-D, Scale Bar = 200μm. 
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Figure IV.2. Photomicrographs depicting Tcf4 immunoreactivity (brown nuclei) in human fetal (A) and 

juvenile ferret (B) periventricular white matter.  Tcf4 staining of OPCs showed no differences between 

both hydrocephalic and nonhydrocephalic fetuses and ferrets.  Total magnification: 400x – A & B, Scale 

Bar = 50μm. 
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Figure IV.3. Photomicrographs depicting double immunofluorescent staining with combinations of 

GFAP, Olig2, and Tcf4 in periventricular white matter of human fetal brains. For GFAP/Olig2 (A), 

GFAP/Tcf4 (B), and Tcf4/Olig2 (C) double-staining, there were few to no co-labeled cells and no 

differences between hydrocephalic and nonhydrocephalic fetuses.  Total magnification: 400x – A-C, 

Scale Bar = 50μm. 
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Figure IV.4. Photomicrographs depicting double immunofluorescent staining with combinations of 

GFAP, Olig2, and Tcf4 in periventricular white matter of juvenile ferret brains. For GFAP/Olig2 (A), 

GFAP/Tcf4 (B), and Tcf4/Olig2 (C) double-staining, there were some to no co-labeled cells and no 

differences between hydrocephalic and nonhydrocephalic ferrets.  Total magnification: 400x – A-C, Scale 

Bar = 50μm. 
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Abstract 

Background: Oxidative and nitrosylative changes have been shown to occur in conjunction with 

the hypoxic changes and cellular/axonal damage in hydrocephalic rodent brains. We 

hypothesized that antioxidant therapy would improve behavioral, neurophysiological, and/or 

neurobiochemical outcomes in juvenile rats following induction of hydrocephalus.  

Methods: Three-week old rats received an injection of kaolin (aluminum silicate) into the 

cisterna magna. Magnetic resonance (MR) imaging was performed two weeks later to assess 

ventricle size and stratify rats to four treatment conditions. Rats were treated for two weeks daily 

with sham therapy of either oral canola oil or dextrose or experimental therapy of a low or high 

dose of an antioxidant mixture containing α-tocopherol, L-ascorbic acid, coenzyme Q10 

(CoQ10), reduced glutathione, and reduced lipoic acid. Behavior was examined thrice weekly.  

Results: All hydrocephalic groups lagged in weight gain in comparison to non-hydrocephalic 

controls, all developed significant ventriculomegaly, and all exhibited white matter destruction. 

Canola oil with or without the antioxidant mixture normalized antioxidant capacity in brain 

tissue, and the dextrose-treated rats had the greatest ventricular enlargement during the treatment 

period. However, there were no significant differences between the four treatment groups of 

hydrocephalic rats for the various behavioral tasks. Glial fibrillary acidic protein and myelin 

basic protein quantitation showed no differences between the treatment groups or with control 

rats. There was increased lipid peroxidation in the hydrocephalic rats compared to controls but 

no differences between treatment groups.  

Conclusion: The antioxidant cocktail showed no therapeutic benefits for juvenile rats with 

kaolin-induced hydrocephalus although canola oil might have mild benefit. 

Keywords: rodent model, brain, hydrocephalus, antioxidant, oxidative stress 
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Background 

 Hydrocephalus is a neurological condition in which altered cerebrospinal fluid (CSF) 

flow dynamics lead to expansion of ventricular cavities in the brain. The 

neuropathophysiological damage associated with hydrocephalus is multifactorial with 

mechanical factors and reduced white matter blood flow simultaneously contributing to axonal 

and oligodendroglial damage (Del Bigio, 2010a; McAllister, 2012). Hypoxic changes in proteins 

of white matter glial and endothelial cells have been found in hydrocephalic rats using 

immunohistochemical detection of pimonidazole (Del Bigio et al., 2012). Oxidative stress leads 

to cell damage in various neurodegenerative disorders, including Parkinson disease, Alzheimer 

disease, Huntington disease, amyotrophic lateral sclerosis, and multiple sclerosis (Butterfield, 

2006; Emerit et al., 2004; Simonian & Coyle, 1996; Sun & Chen, 1998; Uttara et al., 2009). 

Lipid peroxidation, which follows oxygen free radical damage to cell membranes, has been 

shown in rodent hydrocephalic brains by measuring malondialdehyde (MDA) levels using the 

biochemical assay of thiobarbituric acid reaction substances (TBARS) (Caner et al., 1993; Del 

Bigio et al., 2012; Etus et al., 2001; 2003) and a lipid peroxidation assay kit (Socci et al., 1999).  

Immunohistochemical detection of MDA and 4-hydroxy-2-nonenal (4-HNE) (Del Bigio et al., 

2012) and superoxide dismutase (SOD) (Mori et al., 1993) and a fluorometric assay for reactive 

oxygen species (ROS), using dichlorofluorescein fluorescence (Socci et al., 1999), have also 

shown evidence of oxidation in hydrocephalic rat brain tissue. 

 Symptomatic hydrocephalus is typically treated by shunting, where CSF is diverted to 

another body site (Pudenz, 1981). Although early CSF shunting shows some benefits in reducing 

periventricular white matter damage and restoring cerebral blood flow, axonal damage is 

irreversible (Del Bigio, 2004a; 2010a; Eskandari et al., 2004; McAllister, 2012). Moreover, 
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treatment by shunting is associated with frequent complications, particularly obstruction and 

infection in young infants, which add to its morbidity and mortality (Epstein, 1985; Riva et al., 

1994). With such potential complications, current methods of treatment need improvement, 

which warrants the need for novel therapeutic interventions to supplement shunt surgeries. In the 

juvenile rat model, parenteral administration of nimodipine or magnesium sulfate (Del Bigio & 

Massicotte, 2001; Khan et al., 2003a) and continuous intraventricular infusion of decorin 

(Botfield et al., 2013) has some protective value. Experimental hydrocephalus was induced by 

kaolin (aluminum silicate) injections into the cisterna magna at 3 weeks in the rats in these and 

other studies in our laboratory (Del Bigio et al., 1997b;c; 2012; Del Bigio & Zhang, 1998) 

because the rat brain at this age is developmentally similar to that of a human infant (Clancy et 

al., 2001; Romijn et al., 1991; Tuor et al., 1996). 

 Because oxidative stress is associated with brain damage in hydrocephalus, antioxidant 

therapy has been considered a potential pharmacological treatment for this condition. N-

acetylcysteine (Etus et al., 2001) and the main constituent of green tea polyphenols, (--)-

epigallocatechin gallate (Etus et al., 2003) have been shown to reduce lipid peroxidation when 

injected daily into the peritoneum of rats with experimentally-induced hydrocephalus at 7 days 

and 3 weeks, respectively. Antioxidants have shown beneficial outcomes in treating other 

neurological disorders. In particular, oral coenzyme Q10 (CoQ10) dietary supplementation in 

humans and animals is found to reduce oxidative stress by decreasing lipid peroxidation and may 

be a neuroprotectant in Parkinson disease, atherosclerosis, ischemia, toxic brain injury, and 

Alzheimer disease (Littarru & Tiano, 2007; Young et al., 2007). Alpha/gamma tocopherol 

(vitamin E) added to drinking water has been shown to reduce brain infarct volume after middle 

cerebral artery occlusion focal ischemia in rats (Zhang et al., 2004) and is functionally 
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interrelated with other antioxidants, including CoQ10, ascorbic acid, glutathione, and lipoic acid 

(Ibrahim et al., 2000). Oral treatment with the combination of α-lipoic acid and vitamin E can 

decrease lipid peroxidation and astroglial and microglial reactivity in the cerebrum of ischemic 

rats (Gonzalez-Perez et al., 2002). Oral CoQ10 and ascorbic acid (vitamin C) have been used to 

enhance oxidative phosporylation in patients with mitochondrial disorders (Marriage et al., 

2003). These antioxidant agents alone and in combination have low toxicity and have been 

shown to be of potential value in animal and human studies when given orally. Thus, we 

hypothesized that oral treatment with a combination of these antioxidant agents would lead to 

behavioral and/or structural improvements in rats induced with experimental hydrocephalus 

using kaolin injections. 

 

Methods 

Animals 

Locally bred Sprague-Dawley (Trial 1, n = 45) and Long Evans rats (Trial 2, n = 52) 

were housed in conventional cages with four animals per cage. Pelleted food and water were 

provided ad libitum. The housing room was kept on a 12:12 h (6 a.m. – 6 p.m.) light–dark cycle, 

and the room temperature was 21–23°C. For identification, the rats were ear punched. All 

animals were treated humanely in accordance with guidelines set forth by the Canadian Council 

on Animal Care. The local animal use ethics committee approved the experimental protocols. 

 

Hydrocephalus Induction  

At 21-23 days age (weight 42-88g), rats were anesthetized using 3% isoflurane in 

oxygen. The back of the neck was shaved, the skin was cleaned with chlorhexidine followed by 
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70% alcohol, and then a sterile 27-gauge needle (shallow bevel “blunt” tip) was inserted 

percutaneously into the cisterna magna. A sterile suspension of kaolin (aluminum silicate, 250 

mg/mL; Sigma, St. Louis MO) in 0.9% normal saline (0.04 mL) was injected slowly to induce 

hydrocephalus (n = 89). Littermate controls (n = 8) received sham injections of sterile saline 

solution. Following recovery from the anesthetic, the rats were observed for signs of 

neurological impairment. Subcutaneous buprenorphine (0.03 mg/kg) was administered every 12 

hours for 2 days to control pain. Rats were weighed daily. Those experiencing severe impairment 

or weight loss >15% of the starting weight were euthanized. 

 

Magnetic Resonance Imaging and Assignment to Treatment Groups 

T2–weighted magnetic resonance imaging (MRI) was performed as previously described 

(Del Bigio et al., 1997b; Khan et al., 2003a) on day 13 or 14 post injection. The ventricle to 

brain area ratio was measured using computerized planimetry with Marevisi (NRC, Winnipeg, 

MB, Canada) and Image J software on a coronal image of the cerebrum just caudal to the optic 

chiasm. The size of frontal horn of the lateral ventricles was calculated by dividing the area of 

the ventricles by the area of the cerebrum. Rats were stratified according to ventricle size and 

assigned listwise to vehicle sham, dextrose sham, low dose, or high dose dietary intervention 

treatment groups. A second set of MR images was obtained 2 weeks later, no more than 24 hours 

prior to euthanasia.  For each rat, the ventricle to brain area ratio was measured again and 

compared to the images obtained prior to treatment to determine the relative change in ventricle 

size within treatment groups. 

 

Drug Preparation and Administration 
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The antioxidant therapy was performed separately with two trials of rats (n = 45 and n = 

52, respectively). The treatment procedures were the same for both trials except where indicated. 

All animals were weighed daily, and their weights were used to determine treatment volumes. 

The rats received these calculated dosages daily for two weeks by oral gavage to ensure that all 

animals consumed the entire dosage. Daily gavage with 1 ml saline was started 1 week prior to 

kaolin injection so that the rats were habituated to the intervention. The rats in the first trial 

received their oral treatment in the late afternoon after all behavioral testing was completed, 

whereas the rats in the second trial received their treatment in the early morning before any 

behavioral testing was performed. 

A combination of antioxidant agents shown to be effective in a variety of neurological 

disease models was chosen. Alpha-tocopherol (Sigma T3251) at 50 and 250 mg/kg, L-ascorbic 

acid (Sigma A7506) at 20 and 100 mg/kg (Faria et al., 2005: Vatassery et al., 2004), CoQ10 

(Sigma C9538) at 40 and 200 mg/kg (Ibrahim et al., 2000), reduced glutathione (Sigma G4251) 

at 20 and 100 mg/kg (Sharma et al., 2007), and reduced lipoic acid (Sigma T8260) at 20 and 100 

mg/kg (Garcia-Estrada et al., 2003) provided the antioxidant ingredients for the low and high 

dose concentrations, respectively. These were made up in a mixture of 0.45% saline with 30% 

canola oil. Ingredients were blended thoroughly at room temperature and stored in dark 

containers at 4°C. In the first trial, the control rats received saline solution with 5% dextrose 

added to make up for the calories in the treatment groups. In addition, because of supply 

problems, the first trial rats received the reduced lipoic acid only during the first week. For the 

second trial, the low and high doses were made up separately and stored in different containers. 

The control hydrocephalic rats received a 0.20 mL/100 g volume of either saline solution with 
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5% dextrose or the vehicle of 30% canola oil (which was also given to nonhydrocephalic 

controls). 

 

Behavioral Testing 

All behavioral testing was completed in a blinded manner. The rats performed various 

tests including mobility, stance, and gait in the open field, gait on a rotarod at steady and 

accelerating speed, swim speed in a narrow pool, memory in a modified water maze test as 

assessed previously (Del Bigio et al., 1997b; Del Bigio & Massicotte, 2001; Khan et al., 2003a), 

and gait on a modified ladder test (Metz & Whishaw, 2009). They were always tested in the 

same order, where open field and rotarod tests were done on one day, the ladder test on the next 

day, and the water-related tasks on the third day weekly. Testing began the same week of kaolin 

and sham injections and was performed for 4 weeks, i.e., during the 2 weeks after injections and 

the 2 weeks of antioxidant or sham therapy. During the first trial, all quantitative behavioral 

measurements were obtained using a stopwatch only.  For the second trial, water maze behavior 

was videotaped and analyzed using HVS Image 2100 Plus Tracking System software (HVS 

Image Ltd, Twickenham, Middlesex, UK).  The ladder test was only performed during the 

second trial. 

 

Histopathological and Biochemical Studies following Drug Treatments 

Rats were euthanized within 24 hours of final MR imaging using isoflurane anesthesia 

(5%) followed by carbon dioxide gas narcosis and exsanguination. Blood was flushed by 

transcardiac perfusion with ice-cold 0.1 M phosphate-buffered saline (PBS), and the brains 

quickly removed. Cerebral hemispheres were split in the midline. The left side was divided into 
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dorsal frontal cerebrum, dorsal parietal cerebrum, hippocampus, and cerebellum then frozen in 

liquid nitrogen and stored at -70°C. The right side was immersion fixed in cold 3% buffered 

paraformaldehyde and after 3-5 days was cut coronally, dehydrated, and embedded in paraffin 

wax. 

Paraffin sections (6 µm thickness) of the cerebrum at the level of the anterior horn of the 

lateral ventricles were stained with hematoxylin & eosin Y (H&E) and solochrome cyanine & 

eosin for visualization of myelin. Sections were immunostained with rabbit polyclonal anti-glial 

fibrillary acidic protein (GFAP) (1:12800 dilution; DAKO Z0334; Glostrup, Denmark) to label 

astrocytes. The primary antibody underwent 1- 2 hour incubation at room temperature. This was 

followed by incubation with appropriate biotinylated secondary antibody, followed by reaction 

with streptavidin-peroxidase, detection with diaminobenzidine (DAB, Sigma D5905), and finally 

counterstaining with hematoxylin. Negative controls were treated without the primary antibody. 

Corpus callosum thickness was measured using 400x ocular magnification at the sagittal midline 

and above the lateral angle of the frontal horn of the lateral ventricle medial to the external 

capsule.  The latter site was chosen because the midline region was often disrupted preventing 

proper measure and comparison to nonhydrocephalic animals.   

Frozen frontal and parietal cerebrum samples were homogenized using a RIPA buffer 

with protease inhibitors phenylmethylsulfonyl fluoride (PMSF) and aprotinin. Total protein 

quantification was performed using the Micro BCA
TM

 (Pierce) Protein Assay kit (Thermo 

Scientific, Rockford, Illinois, USA). Homogenates were used to quantitate myelin basic protein 

(MBP) and GFAP by using enzyme-linked immunosorbent assays (ELISA), as previously 

described in detail (Di Curzio et al., 2013; Khan et al., 2006). Assays were performed in 
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triplicate. Results for the first trial are given in mg GFAP per gram of protein and averaged for 

all dilutions, while the second trial averaged results per sample.  

 

TBARS and Total Antioxidant Assays 

Lipid peroxidation was measured to determine if hydrocephalic rat brains had increased 

oxidative byproduct formation. Dorsal frontal and parietal cerebrum homogenates (second trial 

only) were tested using the thiobarbituric acid reactive substances (TBARS) assay at pH 3.5; 

TBA reacts with malondialdehyde (MDA), which is a secondary product of lipid peroxidation, 

yielding a product that can be detected spectrophotometrically at 532 nm (Del Bigio et al., 2012; 

Ohkawa et al., 1979). The assay was performed as previously described with a few 

modifications, and samples were run in triplicate. The standard, 1’1’3’3 tetramethoxypropane 

(TMP) (Sigma Cat #108383), was dissolved initially with dimethyl sulfoxide (DMSO) to 1 M 

concentration and then diluted in distilled water to 2.5-50 μM. In addition, 1-butanol and 

pyridine were not added after heating the TBA solution at 95°C for one hour, as the TBA and 

MDA red pigmented reaction product was evident during the heating process. 

The Antioxidant Assay Kit (Sigma Cat #CS0790) was used to measure total antioxidant 

levels in brain tissue (second trial only). The frozen hippocampus was mechanically 

homogenized in ice-cold 1x Assay Buffer as instructed (Sigma Cat # A3605). The assay is based 

on the reaction between hydrogen peroxide (H2O2) and metmyoglobin; the ferryl myoglobin 

radical oxidizes 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) to form a radical 

cation (ABTS
+
), which is detected by spectrophotometry at 405 nm. Samples were run in 

duplicate. 
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Statistical Analysis 

 Unless otherwise stated, all data are presented as mean ± standard error of the mean 

(SEM). Quantitative data were analyzed to confirm a normal distribution. For all analyses, p 

values ≤ 0.05 were deemed statistically significant. Statistical analyses were conducted 

separately for the first (n = 45) and second (n = 52) trials of rats, which consisted of ANOVA 

with post-hoc analyses conducted for some measures using the Bonferroni-Dunn multiple inter-

group comparisons approaches where indicated. Non-parametric score data were analyzed with 

Mann-Whitney U test or Kruskal-Wallis test for two or three groups, respectively. For the second 

trial, qualitative assessments for the sham control and hydrocephalic rats were analyzed 

separately from quantitative measures. Two-tailed Student’s t-tests were conducted for 

behavioral testing, ventricle size, histological data, biochemical, and ELISA values to compare 

the control and hydrocephalus groups. Statistical analyses were conducted using the SPSS 14.0 

software program. 

 

Results 

Mortality 

 No animals died during kaolin injection. Of the 89 rats that were given a kaolin-injection 

at three weeks age, 4 were euthanized approximately two weeks post-injection before the onset 

of therapy and 1 died 2 days before the end of treatment because of severe neurological deficits. 

The remainder of the rats underwent the two-week antioxidant therapy regime according to the 

stratification of treatment conditions and were sacrificed at seven weeks of age. Age-matched 

control rats (n = 8) were also euthanized at seven weeks age and 24 hours post-MRI. 
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Ventricle Size on Magnetic Resonance Imaging 

 The first MR images showed that kaolin injections into the cisterna magna lead to 

dilatation of the cerebral ventricles in five-week old rats (Figure V.1). In both trials, there was no 

significant difference between the groups prior to onset of antioxidant therapy. All groups 

showed continued enlargement of the ventricles during the therapeutic period, and all groups 

displayed significant increases in lateral ventricle size compared to the images before treatment 

began (all p < 0.05, t-tests; Tables V.1 and V.2; Figure V.2). In the first trial, the high dose 

treatment groups had the most severe ventricular enlargement with a 33.5% increase after 

treatment (Table V.1). In the second trial, the low and high dose groups showed less ventricular 

enlargement than dextrose control (p = 0.012 and 0.041, respectively), but there was no benefit 

compared to canola oil vehicle-treated hydrocephalic rats (Table V.2). 

 

Behavioral Assessments 

 Hydrocephalic rats gained less weight than nonhydrocephalic rats. They had hunched 

posture and unsteady gait on open field observations (as previously reported), although the 

quantitative measures of motor behavior only inconsistently showed deficits, the most obvious 

being reduced rearing activity (Table V.2). In trial 1, there were no differences in the behavioral 

outcomes of hydrocephalic rats following 2 weeks of low or high dose antioxidant therapy 

compared to dextrose controls (Table V.1). Post-hoc analyses showed that the high dose 

antioxidant treatment group displayed higher ambulatory movement compared to sham-treated 

rats after therapy that was approaching significance (p = 0.0575, Bonferroni test). 

 In the second trial, the four hydrocephalic treatment groups all weighed significantly less 

than nonhydrocephalic rats from 24 days of age to when they were sacrificed at 49 days of age 
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(all p < 0.01, t-tests; ANOVA; Table V.2). Despite the fact that the dextrose fed hydrocephalic 

controls had more severe ventricle enlargement, they tended to show greater weight gain. Only 

rearing behavior was significantly reduced as a consequence of hydrocephalus before treatment 

compared to nonhydrocephalic controls (p = 0.004, ANOVA). There was no consistent evidence 

for normalization of behavior abnormalities (ambulation, water maze, ladder test) associated 

with hydrocephalus following any of the treatments (Table V.2). 

 

Structural and Biochemical Changes in Brain 

 Histological examination corresponded to the MR imaging. There was appreciable 

thinning and fragmentation of periventricular white matter regions in all hydrocephalic animals. 

Corpus callosum thickness was significantly reduced overall in the hydrocephalic rats compared 

to control animals (p = 0.005, ANOVA). The lateral corpus callosum had more pronounced 

(32%) decrease in thickness (Table V.2) than the medial corpus callosum (22%), and it was 

significantly reduced in all treatment groups compared to nonhydrocephalic controls (all p < 

0.005, t-tests). Cortical and subcortical neuronal populations were not obviously damaged in the 

hydrocephalic rats compared to controls, unless the adjacent white matter was completely 

obliterated. Antioxidant therapy had no effect on corpus callosum thickness. Although the corpus 

callosum was thinned, overall the cerebral MBP content (relative to total protein) was not 

reduced as a consequence of hydrocephalus suggesting that surviving axons remained 

myelinated. The antioxidant treatment had no effect on MBP content (Tables V.1 and V.2). 

 In the frontal cortex at the level of the anterior horns of the lateral ventricles, sham and 

antioxidant-treated hydrocephalic rats displayed GFAP immunostaining of astrocytes in the 

perivascular and periventricular regions. There were no appreciable differences in GFAP 
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expression between the hydrocephalic groups. In comparison to nonhydrocephalic controls, all 

had hypertrophic reactive astrocytes in the periventricular white matter and deep cortical regions. 

GFAP content, measured by ELISA, was increased in comparison to nonhydrocephalic controls, 

but there was no evidence that antioxidant therapy reduced the astroglial reaction (Tables V.1 

and V.2). In the hindbrain surrounding the site of injection, there were no obvious inflammatory 

or reactive changes visible, such as macrophages, except in the most severe hydrocephalic rats 

that had to be sacrificed before the end of the antioxidant treatment (data not shown). 

 Lipid peroxidation in the parietal cerebrum, measured with the TBARS assay, was higher 

in hydrocephalic rats than in nonhydrocephalic controls. Comparing the four hydrocephalic 

treatment groups separately, all except the dextrose-treated group (p = 0.074) displayed 

significantly higher levels of oxidative stress (all p < 0.05) than nonhydrocephalic controls 

(Table V.2). However, they were not significantly different from each other (p = 0.926, 

ANOVA; t-tests) suggesting that the oral antioxidant therapy had no beneficial effect. 

Total antioxidant capacity of the hippocampal tissue, detected indirectly through the 

ABTS
+
 radical cation, displayed no appreciable differences between nonhydrocephalic controls 

compared to hydrocephalic rats. There were no significant differences in antioxidant levels 

between the four hydrocephalic treatment groups (p = 0.079, ANOVA); the dextrose-treated 

group exhibited the lowest values, but it was not significantly lower than the vehicle-treated 

group (p = 0.090, t-test) or nonhydrocephalic controls (p = 0.150, t-test) (Table V.2). 

 

Discussion 

 Hydrocephalus was induced in three-week old rats, and oral antioxidant therapy was 

introduced two weeks later for a period of two weeks. Because oxidative stress occurs in 
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hydrocephalus (Caner et al., 1993; Del Bigio et al., 2012; Etus et al., 2001; 2003; Mori et al., 

1993; Socci et al., 1999), it was hoped that antioxidants might have therapeutic benefits for 

treating hydrocephalus. The main positive outcome (in trial 2) was normalization of antioxidant 

capacity in brain tissue when hydrocephalic rats were administered canola oil with or without the 

antioxidant combination in comparison to the hydrocephalic rats that received dextrose. Canola 

oil components are known to have potent antioxidative capacity (Wakamatsu et al., 2005). The 

dextrose treated rats had the greatest ventricular enlargement. Overall, however, there was no 

other behavioral, histological, or biochemical evidence to support the hypothesis that oral 

antioxidant therapy protects the hydrocephalic brain. 

 Progressive ventricular expansion has been a consistent finding in the pharmacological 

studies conducted in our lab using the kaolin induction model in rats (Del Bigio et al., 2002; Del 

Bigio & Massicotte, 2001; Khan et al., 2003a; 2003b; 2007). We hoped the antioxidant therapy 

would display beneficial outcomes in stabilizing ventricular expansion or reducing associated 

brain damage and reactive changes like the results from Botfield et al. (2013) using decorin 

treatment in juvenile hydrocephalic rats, but consistent findings were not observed in the two 

trials. In the first trial, the high dose antioxidant group exhibited the largest expansion of lateral 

ventricles overall, but this was due primarily to 1-2 outliers with severe ventriculomegaly. The 

second trial suggests that canola oil alone might have shown a benefit in reducing or stabilizing 

ventricular enlargement if the treatment period had been longer and the ventricles were allowed 

to reach a larger size. However, corpus callosum thickness was significantly reduced in the 

hydrocephalic rats, suggesting that further ventricular expansion would likely lead to increased 

destruction of this important white matter structure.  Regardless, corpus callosum reduction was 

not ameliorated by antioxidant therapy, as opposed to prior drug trials from this lab showing that 



 198 

magnesium sulfate and nimodipine treatment of hydrocephalic rats reduces corpus callosum 

damage (Del Bigio & Massicotte, 2001; Khan et al., 2003a). Minocycline-treated hydrocephalic 

rats are reported to have significantly increased cerebral cortex thickness in some brain regions 

compared to untreated rats (McAllister & Miller, 2010). Antioxidant therapy was also not 

associated with reduced GFAP immunoreactivity or content when compared to sham-treated 

hydrocephalic rats. However, magnesium sulfate, decorin, and minocycline have shown capacity 

to reduce reactive astrogliosis in hydrocephalic rats (Botfield et al., 2013; Khan et al., 2003a; 

McAllister & Miller, 2010). In addition, decorin has been shown to decrease activated microglia, 

macrophages, and other inflammatory cells accumulation, along with ventriculomegaly in 

hydrocephalic rats (Botfield et al., 2013).  Astrocytic and microglial reactivity have also been 

reduced in rats with cerebral ischemia using the antioxidants α-lipoic acid and vitamin E 

(Gonzalez-Perez et al., 2002), so it is uncertain why these agents, which possess synergistic 

effects, were unsuccessful at decreasing the reactive astrogliosis in our hydrocephalic rats. 

Memantine, a non-competitive NMDA receptor antagonist, administered for 2 weeks by 

intraperitoneal injection was shown to partially protect hippocampal neurons in 3-week old rats 

with kaolin-induced hydrocephalus, although no behavioral or ventricle size data were reported 

(Cabuk et al., 2011). 

 As expected, the current study showed increased oxidative stress in the hydrocephalic 

rats using the TBARS assay of lipid peroxidation (Botsoglou et al., 1994; Ohkawa et al., 1979). 

Although the TBARS assay has been known to display other TBA reactive substances, previous 

studies using experimentally-induced or inherited hydrocephalus in rats have also shown 

increased oxidative stress when measuring lipid peroxidation, oxygen free radicals, and/or nitric 

oxide (NO) production (Caner et al., 1993; Del Bigio et al., 2012; Etus et al., 2001; 2003; Mori 
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et al., 1993; Socci et al., 1999). Two studies showed that antioxidant treatment with 

intraperitoneal N-acetylcysteine (Etus et al., 2001) or (--)-epigallocatechin gallate (Etus et al., 

2003) were potentially neuroprotective by reducing lipid peroxidation levels in cerebral and 

periventricular white matter regions, respectively. While the findings of these studies are 

promising, it is important to note that their scope is limited because lipid peroxidation was the 

only outcome parameter measured. In addition, no means were employed to confirm induction of 

hydrocephalus before antioxidant treatment began. This all must be taken into consideration 

when moving to human clinical trials as these drugs have shown only marginal success in rodent 

models of disease. It is of particular importance when considering the recommendations for 

success in treating neurological diseases, such as stroke or ischemic change in a clinical setting 

(Fisher et al., 2009; STAIR Group, 1999).  

One potential shortcoming of our experiment was drug combination chosen. As described 

in the Introduction, all of the chosen agents have been effective orally in some experimental 

settings. Oral therapy offers longer periods of exposure, but peak levels are lower than those that 

follow parenteral administration. Furthermore, the extent to which the agents crossed the blood-

brain barrier (BBB) is not clear. This is important because the BBB is generally intact in 

hydrocephalus (Del Bigio et al., 2011). Although all agents used in our antioxidant combination 

have been suggested to be orally efficacious in treating mitochondrial and neurodegenerative 

disorders, there are conflicting data concerning their ability to enter brain tissue. Glutathione is 

known to cross the BBB (Kannan et al., 1990; Sharma et al., 2007). Zhang et al. (1996) 

indicated that α-tocopherol is not restricted from the brain, while Gonzalez-Perez et al. (2002) 

suggested that vitamin E and lipoic acid treatment for cerebral ischemia in rats may have only 

produced partial neuroprotective effects because of insufficient levels of these antioxidants in 
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brain tissue. Oral administration of CoQ10 has been shown to elevate its levels in rat cerebral 

cortex mitochondria in one study (Matthews et al., 1998), whereas others reported restricted 

uptake (Ibrahim et al., 2000; Zhang et al., 1995; 1996). CoQ10 treatment via intraperitoneal 

injection also failed to show neuroprotective effects when administered to rats with induced focal 

and global ischemia (Li et al., 2000). More convincing evidence of the pharmacokinetics of 

CoQ10 was found by Sikorska et al. (2003), who showed a complex of CoQ10 and an α-

tocopherol derivative is neuroprotective in cerebral ischemia.  

As noted above, 30% canola oil vehicle alone seemed to offer some benefit over dextrose 

therapy. Canola oil concentration was the same for both low and high dose antioxidant 

combinations. This potentially therapeutic effect could be related to the fact that canola oil 

augments entry of dietary vitamins C and E into brain tissue (Sánchez-Moreno et al., 2004), or 

due to the potent scavenger 4-vinyl-2,6-dimethoxyphenol (canolol), which is the most active 

component in canola oil (Wakamatsu et al., 2005). It scavenges both alkylperoxyl radicals and 

peroxynitrite (Kuwahara et al., 2004).  Peroxynitrite is a potent oxidizing and nitrating agent, and 

overproduction of it may be related to inflammation and neurodegenerative diseases (Szabo, 

1996; Torreilles et al., 1999).  Nitrite concentration is significantly increased in hydrocephalic 

brains (Del Bigio et al., 2012), and nitric oxide can nitrate aromatic amino acids possibly through 

generation of peroxynitrite (Quijano et al., 2005).  Thus, canolol in canola oil plays both 

antinitrosylating and antioxidative roles, which is more potent than α-tocopherol and vitamin C 

(Wakamatsu et al., 2005) that were used in our antioxidant combination.  If confirmed in 

gyrencephalic species with larger brains, canola therapy would be simpler to use and less 

expensive than the drug combination tested here. 

It should also be mentioned that in these experiments, the rats did not exhibit extreme 
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ventriculomegaly overall. Consequently, the behavioral deficits were small and in some cases, 

there were no differences between control and hydrocephalic animals whether or not they 

received any antioxidant treatment. The behavioral results showed appreciable differences 

between trials for some of the tasks, which are likely related to both the different strains and 

techniques used to obtain the data.  Despite this, with the rotating cylinder and the water maze 

tasks, there were no differences among the treatment conditions for both trials, which all showed 

improved performance after treatment. Reduced rearing activity was the only decrement 

observed in the hydrocephalic rats, with the exception of the dextrose treated group, which 

paradoxically had the most severe ventriculomegaly. Perhaps only more severe damage (e.g. 

longer duration or greater ventriculomegaly) is associated with measurable behavioral deficits 

that might be amenable to pharmacologic intervention.  The other data that showed noticeable 

discrepancies between trials was the MBP content measured by ELISAs, which was lower for all 

groups in the second trial.  It is not certain why this occurred, but it is perhaps related to both the 

different rats strains used and more likely the different dorsal brain tissue homogenates extracted 

by separate individuals between trials.  Regardless, both trials showed no significant differences 

between any of the sham and treatment groups for MBP content.      

 

Conclusions 

In summary, we did not find any behavioral, morphological, or biochemical evidence that 

oral antioxidant combination therapy provided appreciable therapeutic benefit to juvenile rats 

with kaolin-induced hydrocephalus. Potential explanations are the limited entry of the drugs into 

brain or the possibility that oxidative changes in hydrocephalic brains represent an end point 

marker of damage rather than the cause of the axonal damage. It should be noted that the canola 
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oil vehicle alone did seem to normalize brain tissue antioxidant capacity and reduce the rate of 

ventricle enlargement in comparison to dextrose treatment. This safe and simple intervention 

should be confirmed. 
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Table V.1. Results of antioxidant treatment on hydrocephalic rats (Trial 1)* 

 Dextrose Low Dose 

Antiox.† 

High Dose 

Antiox.† 

Sample size 14 14 15 

Ventricle area index (pre-treat) 0.130 ± 0.010 0.128 ± 0.008 0.145 ± 0.021 

Ventricle area index (post-treat) 0.141 ± 0.012# 0.138 ± 0.009# 0.198 ± 0.039# 

Percent enlargement ventricles during treatment 9.3 ± 3.1  8.6 ± 2.0 33.5 ± 18.7 

Body weight (g) (pre-treat)  106.1 ± 2.4 103.7 ± 1.1 106.6 ± 3.3 

Body weight (g) (post-treat) 223.8 ± 4.5 223.1 ± 3.2 222.8 ± 7.0 

Rearing activity (post-treat) (beam breaks in 5 min) 108 ± 18 146 ± 18 166 ± 26 

Ambulatory activity (post-treat) (beam breaks in 5 min) 760 ± 85 824 ± 87 1284 ± 221 

Total activity (post-treat) (beam breaks in 5 min) 1089 ± 107 1210 ± 107 1684 ± 248 

Endurance of rotarod (cont. speed, post-treat) (sec) 60 ± 12 64 ± 11 44 ± 11 

Endurance of rotarod (accel. speed, post-treat) (sec) 21 ± 6 27 ± 6 25 ± 8 

Morris water maze test (post-treat, 3 trials avg) (sec) 15.98 ± 1.21 15.17 ± 1.82 33.86 ± 12.17 

Swim time 150 cm (post-treat) (sec) 11.98 ± 1.31 16.45 ± 1.87 14.31 ± 1.78 

GFAP content (ELISA) frontal cerebrum (mg GFAP/g 

protein)  

1.30 ± 0.13 1.54 ± 0.31 1.56 ± 0.32 

MBP content (ELISA) frontal cerebrum (mg MBP/g protein) 5.19 ± 0.19 5.31 ± 0.12 5.24 ± 0.25 

All data are presented as mean ± SEM 

*There were no significant differences between the treatment groups for any of the results in Trial 1. 

†The low and high dose antioxidant combinations were made up in 0.45% saline with 30% canola oil.  

#p < 0.05 before (pre-treat) vs. after (post-treat) treatment, Student’s t-tests 
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Table V.2. Results of antioxidant treatment on hydrocephalic rats (Trial 2) 

 Nonhydrocephalic 

controls 

Vehicle (30% 

canola) 

Dextrose Low Dose 

Antiox.† 

High Dose 

Antiox.† 

Sample size 8 11 10 11 10 

Ventricle area index (pre-treat) 0.006 ± 0.0007 0.114 ± 0.013** 0.119 ± 0.016** 0.107 ± 0.015** 0.118 ± 0.015** 

Ventricle area index (post-treat) 0.012 ± 0.003 0.140 ± 0.018**# 0.169 ± 0.027**# 0.125 ± 0.013**# 0.140 ± 0.010**# 

Percent enlargement ventricles during treatment - 22.5 ± 8.1 40.1 ± 6.2 23.0 ± 6.8 25.1 ± 8.3 

Body weight (g) (pre-treat)  169.3 ± 4.6 123.3 ± 7.2** 135.2 ± 8.2** 116.9 ± 6.4** 112.7 ± 5.3** 

Body weight (g) (post-treat) 269.3 ± 6.7# 200.2 ± 13.4**# 219.4 ± 13.5*# 175.4 ± 12.5**# 179.6 ± 12.0**# 

Rearing activity (post-treat) (beam breaks - 5 min) 100 ± 12 67 ± 12 96 ± 8 78 ± 16 82 ± 16 

Ambulatory activity (post-treat) (beam breaks - 5 min) 466 ± 35 334 ± 31*# 548 ± 54# 461 ± 39# 396 ± 53# 

Total activity (post-treat) (beam breaks - 5 min) 618 ± 41 459 ± 38*# 713 ± 54# 637 ± 41# 558 ± 53# 

Endurance of rotarod (cont. speed, post-treat) (sec) 33 ± 8 32 ± 10 37 ± 7 66 ± 15# 38 ± 11 

Endurance of rotarod (accel. speed, post-treat) (sec) 57 ± 15 56 ± 11# 73 ± 14# 65 ± 13# 71 ± 13# 

Morris water maze test (post-treat, 3 trials avg) (sec) 7.67 ± 0.85# 6.98 ± 1.10# 5.89 ± 0.61# 5.15 ± 0.41*# 4.46 ± 0.46**# 

Swim time 150 cm (post-treat) (sec) 24.3 ± 6.7 13.4 ± 2.0 20.9 ± 3.4 18.0 ± 3.4# 17.0 ± 3.1 

Lat. corpus callosum thickness (μm) 315 ± 16 208 ± 14** 220 ± 20** 220 ± 18** 208 ± 13** 

GFAP content (ELISA) frontal cerebrum (mg GFAP/ g protein)  0.68 ± 0.16 1.08 ± 0.19 1.29 ± 0.24 1.11 ± 0.16 1.10 ± 0.25 

MBP content (ELISA) frontal cerebrum (mg MBP/ g protein) 2.30 ± 0.26 2.42 ± 0.28 2.91 ± 0.28 2.70 ± 0.35 2.30 ± 0.16 

MDA level (TBARS) parietal cerebrum (μM MDA/g wet tissue) 111.98 ± 10.57 145.32 ± 8.94* 138.99 ± 9.41 146.89 ± 9.67* 141.35 ± 8.45* 

ABTS+ content (Total Antiox.) hippocampus (mM) 0.580 ± 0.029 0.582 ± 0.025 0.467 ± 0.062 0.589 ± 0.019 0.574 ± 0.026 

All data are presented as mean ± SEM 

†The low and high dose antioxidant combinations were made up in 0.45% saline with 30% canola oil. 

*p < 0.05 control rats vs. hydrocephalic groups, Student’s t-tests or ANOVA with Bonferroni-Dunn post hoc tests for intergroup comparisons. 

**p < 0.005 control rats vs. hydrocephalic groups, Student’s t-tests or ANOVA with Bonferroni-Dunn post hoc tests for intergroup comparisons. 

#p < 0.05 before (pre-treat) vs. after (post-treat) treatment, Student’s t-tests 
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Figure V.1. Magnetic resonance (MR) images displaying progressive hydrocephalus in rats at 5 and 7 

weeks of age that underwent injection of kaolin into the cisterna magna at 3 weeks. These T2-weighted 

images depict the coronal view of the cerebral cortex at the level of the frontal horn of the lateral ventricle 

where cerebrospinal fluid (CSF) is white (bright) in the lateral and third ventricles and subarachnoid 

space (SAS). The control rat images are shown at the top, and the ventricles are very narrow. Ventricular 

enlargement is obvious in all hydrocephalic rats before treatment, and all treated groups displayed further 

dilatation after treatment. 
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Figure V.2. Bar graph showing the lateral ventricles to frontal cerebrum brain area ratios (%) from the 

MR images for the nonhydrocephalic control rats compared to the four hydrocephalic treatment groups 

before and after antioxidant therapy.  All hydrocephalic groups had significantly enlarged ventricles 

compared to the nonhydrocephalic rats before and after treatment.  * - Indicates significant increases in 

lateral ventricles to brain area ratios after treatment compared to before at p < 0.05. 
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Abstract 

Background: Previous work with 3-week hydrocephalic rats showed that white matter damage 

could be reduced by the calcium channel antagonist magnesium sulfate (MgSO4). We 

hypothesized that MgSO4 therapy would improve outcomes in ferrets with hydrocephalus 

induced with kaolin at 15 days. 

Methods: MRI was performed at 29 days to assess ventricle size and stratify ferrets to treatment 

conditions. Beginning at 31 days age, they were treated daily for 14 days with MgSO4 (9 

mM/kg/day) or sham saline therapy, and then imaged again before sacrifice. Behavior was 

examined thrice weekly. Histological and biochemical ELISA and myelin enzyme activity assays 

were performed at 45 days age. 

Results: Hydrocephalic ferrets exhibited some differences in weight and behavior between 

treatment groups. Those receiving MgSO4 weighed less, were more lethargic, and displayed 

reduced activity compared to those receiving saline injections. Hydrocephalic ferrets developed 

ventriculomegaly, which was not modified by MgSO4 treatment. Histological examination 

showed destruction of periventricular white matter. Glial fibrillary acidic protein (GFAP) 

content, myelin basic protein (MBP) content, and myelin enzyme activity did not differ 

significantly between treatment groups. 

Conclusion: The hydrocephalus-associated disturbances in juvenile ferret brains are not 

ameliorated by MgSO4 treatment, and lethargy is a significant side effect. 

 

Keywords: hydrocephalus, ferret, kaolin, magnesium sulfate, brain 
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Introduction 

Hydrocephalus is a common neurological condition where cerebrospinal fluid (CSF) flow 

dynamics are altered, leading to enlargement of ventricular cavities in the brain. The 

histopathologic consequences of hydrocephalus depend on the age of onset, rate of ventricular 

enlargement, and the etiology (Del Bigio, 2001b). The brain damage induced by hydrocephalus 

is multifactorial with mechanical factors leading to primary destruction of periventricular axons 

due to gradual physical stretching and compression, accumulation of metabolic waste products in 

the CSF, and ischemic changes causing decreased white matter blood flow that contributes to 

axonal and oligodendroglial damage (Del Bigio, 1993; 2010a). Elevated calcium (Ca
2+

) 

coincides with increased white matter content of calpain I, along with heightened calpain I 

immunoreactivity in periventricular axons exhibited by young hydrocephalic rats with 

appreciable axonal damage, which suggest that calcium-mediated proteolysis may be associated 

with axonal cytoskeletal damage found in hydrocephalus (Del Bigio, 2000).  

 Magnesium (Mg
2+

) is a calcium channel antagonist; extracellular Mg
2+

 antagonizes Ca
2+

 

influx by blocking voltage and receptor-mediated calcium channels along with NMDA channel 

receptors in a voltage-dependent manner (Fawcett et al., 1999; Simpson et al., 1994). 

Intracellular Mg
2+

 is regulated by at least 5 distinct transporters (de Baaij et al., 2015). 

Peripherally administered Mg
2+

 enters brain tissue of rabbits and cats, albeit to a lesser 

magnitude than muscle (Hilmy & Somjen, 1968). Magnesium sulfate (MgSO4) administration by 

bolus or short-term infusion (e.g. 3 days) has shown short-term (hours to <7 days) outcome 

improvements in animal models of experimental spinal cord injury (Süzer et al., 1999), 

reversible focal cerebral ischemia (Marinov et al., 1996), kainate induced neuron degeneration 

(Wolf et al., 1991), hypoxic-ischemic brain damage (Goñi-de-Cerio et al., 2012; Sameshima & 
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Ikenoue, 2001), and traumatic brain injury (Esen et al., 2003; Hoane, 2007; Saatman et al., 

2001). Few experiments have looked at longer-term benefits of magnesium. A bolus of 

magnesium chloride after fluid percussion brain injury in adult rats was associated with 

improved motor outcome at 4 weeks (McIntosh et al., 1989). 

 Clinically, MgSO4 has been used to suppress uterine contractions during premature labor 

and to reduce convulsions in pregnant women with preeclampsia (Duley et al., 2010). In these 

circumstances, there is an association between maternal receipt of MgSO4 and reduced risk of 

cerebral palsy in the offspring; this suggests that it could be neuroprotective in preterm birth 

although the benefit in term birth is much less clear (Doyle et al., 2009; Nguyen et al., 2013). In 

infants with hypoxic-ischemic encephalopathy, the composite results of five clinical trials 

indicate a significant reduction in the unfavorable short-term outcome but a trend to increased 

mortality overall (Tagin et al., 2013). If effective, its protective mechanism remains unclear. 

MgSO4 is a vasodilator that might improve cerebral circulation (Brewer et al., 2001a). It can also 

reduce monocyte-mediated proinflammatory cytokine production and increase intracellular 

magnesium levels, which may be beneficial in decreasing inflammation (Sugimoto et al., 2012). 

 Pharmacologic intervention might be a useful supplement to surgical shunts for the 

management of hydrocephalus (Del Bigio & Di Curzio, 2016). We previously showed that 

MgSO4 was beneficial in hydrocephalic rats (Khan et al., 2003a). Three-week old rats received 

kaolin injections into the cisterna magna to induce hydrocephalus; after 2 weeks, they were 

treated with parenteral administration of MgSO4 for 2 more weeks. There was reduced reactive 

astrogliosis in the frontal cerebrum and improved gait performance on an accelerating rotating 

cylinder task. Despite these benefits, research with rodents is limiting because they have a small 

volume of white matter, which is the main region of damage in human brains. Moreover, stroke 
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research has provided a valuable lesson in the major setbacks that can occur when basing clinical 

treatment on the success of pharmacological studies with rodents; this has prompted the 

necessity of preclinical treatment efficacy in gyrencephalic brains before proceeding to human 

trials (Fisher et al., 2009). Thus, we developed a model of hydrocephalus in 2-week old ferrets 

using injection of kaolin (aluminum silicate) into the cisterna magna, and we showed similarities 

to other animal models and the human condition (Di Curzio et al., 2013). Ferrets are born with 

relatively immature brains which develop a complex gyrencephalic morphology that has been 

studied extensively (Hayes et al., 2003; Lockard, 1985); consequently they are useful for 

modeling the neurologic disorders of human fetuses and infants (Empie et al., 2015). Our overall 

goal is to develop a pharmacologic intervention that could be used to mitigate brain damage in 

the period prior to definitive shunt therapy. We hypothesized that MgSO4 treatment would lead 

to behavioral, structural, and/or biochemical improvements in juvenile ferrets with experimental 

kaolin-induced hydrocephalus. 

 

Methods 

Animals 

 Twenty pigmented sable ferret kits (n = 13 males and n = 7 females) were obtained from 

Marshall Farms (North Rose, NY) at postnatal day 7 (P7) in four litters along with their mothers 

(jills). The kits stayed with their mothers in enclosed cages until P46. The cages were located in 

a room kept on a 12:12 h (6 a.m. - 6 p.m.) light–dark cycle, and the room temperature and 

relative humidity were 21–22°C and ~35-45%, respectively. Food and water were provided ad 

libitum; the kits started eating solid food around P30. For identification, tattoos were imprinted 

on their paws. All animals were treated humanely according to the guidelines set forth by the 
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Canadian Council on Animal Care. The institutional animal ethics committee approved the 

experimental protocols (protocol #11-012). All efforts were made to minimize the number of 

animals used and ensure the least amount of suffering experienced. 

 

Hydrocephalus Induction 

 Hydrocephalus was induced using kaolin (aluminum silicate; Sigma, St. Louis MO) as 

described previously (Di Curzio et al., 2013). Briefly, kaolin injections were performed on all 4 

litters at P15 (5 per litter – total n = 20; weight 69-93g). They were anesthetized using 2.5% 

isoflurane in oxygen, and the dorsum of their necks were shaved and cleansed. Using a 27-gauge 

needle, 0.2 mL of 20% sterile kaolin suspension (250 mg/mL in 0.9% saline) was injected 

percutaneously into the cisterna magna under aseptic conditions. Animals were monitored during 

recovery and observed for signs of discomfort and/or neurological impairment and then were 

otherwise returned to their mothers. Subcutaneous (s.c.) injections of buprenorphine (0.03 

mg/kg) and sterile 0.45% saline were given every 12 hours for 2 days to decrease potential pain 

and possible dehydration, respectively. They were weighed daily, and those experiencing severe 

neurologic impairment or weight loss were sacrificed to cease further suffering. 

 

Magnetic Resonance Imaging and Assignment to Treatment Groups 

 The T2-weighted MR images of the brain were obtained using with a 7 Tesla Bruker 

Biospec/3 MR scanner (Karlsruhe, Germany) as previously described (Di Curzio et al., 2013). 

The first images were attained 2 days post kaolin injections at P17 to confirm successful 

hydrocephalus induction with kaolin, and then 14 days post kaolin at P29 to examine ventricle 

size and stratify treatment groups. The areas of the lateral ventricles to cerebrum brain area, third 
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ventricle width to cerebrum width, cerebral aqueduct area to midbrain area, and fourth ventricle 

area to hindbrain area ratios were measured as previously described (Di Curzio et al., 2013). 

Ferrets were stratified based on ventricle size and assigned listwise to saline (0.9% NaCl) and 

MgSO4 treatment groups. A third set of MR images was taken after the 14-day drug treatment 

period at P45, no more than 24 hours before euthanasia, to assess ventricle size again. 

 

Drug Preparation and Administration 

 The MgSO4 and/or NaCl treatments were administered starting 16 days post-kaolin at 

P31 (n = 8 for MgSO4 and n = 8 for NaCl). All animals were weighed daily, and their weights 

were used to calculate treatment volumes. Stock solutions of 1.0 M MgSO4 and 0.9 M NaCl were 

prepared in distilled H2O at room temperature and stored at 4°C; the solutions were labeled A 

and B, and treatments were given blindly based upon a volume drug to body weight formula. 

They received either a ~9 mM/kg/day dosage of MgSO4 or NaCl daily for 14 days, which were 

administered by s.c. injections given 3 times per day on weekdays (~3 mM/kg/dose) and 2 times 

per day on weekends (~4.5 mM/kg/dose) to ensure that all animals received the entire dosage. 

This calculated dosage was derived from testing different MgSO4 concentrations with rodents in 

a previous study, where 8.2 mM/kg/day was found to be protective (Khan et al., 2003a). The 

ferrets received their first injection in the morning before behavioral testing. Their second daily 

injection was given in the late afternoon, and the third injection was administered near midnight 

to maintain trough levels. Because of the expense, we could not conduct a dose-escalation study. 

 

Behavioral Testing 
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 Previous work with kaolin-induced hydrocephalic ferrets (Di Curzio et al., 2013) showed 

that they differed from controls in a limited number of the behavioral tests previously studied 

(Christensson & Garwicz, 2005); these were chosen for the current study. Behavioral testing 

commenced at P10-11 and continued 3 times weekly until P43-44 for all kits (n = 16). Behavior 

tests were conducted prior to the daily drug administration to minimize the effect of lethargy in 

the MgSO4 recipients. The kits were not exposed to the test situations prior to testing. Open field 

behavior was assessed using two apparatuses. The first chamber was an enclosed square (44 × 43 

× 29 cm) with 15 light beam sensors on each axis to quantitate ambulatory, vertical, and total 

movements (Opto-Varimex 3; Columbus Instruments International Corp., Columbus, OH, USA). 

Animals were observed individually for 3 min and tested once per session. The second chamber 

was a 75 x 75 x 45 cm transparent plastic square, where the kits were videotaped, and motor 

performance was analyzed for 3 min using HVS Image 2100 Plus Tracking System software 

(HVS Image Ltd, Twickenham, Middlesex, UK). Quantitative measures were performed after 

dividing the chamber into 100 (7.5 x 7.5 cm) squares and included the length of path traversed 

and the number and percent of squares entered. Qualitative observations were also recorded in 

the second chamber for pivoting, crawling, walking, running, and rearing. 

 

Sacrifice and Brain Dissection 

 Ferrets were euthanized within 24 h of final MRI using isoflurane anesthesia (5%) 

followed by carbon dioxide (CO2) narcosis and exsanguination by transcardiac perfusion at ~P46 

or when humane endpoints were met as described previously (Di Curzio et al., 2013). Ferret 

brains were rapidly removed, photographed, and then split in the parasagittal plane 1mm from 

the midline. The right hemisphere was dissected into anterior frontal lobe, dorsal frontal 
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cerebrum, and dorsal parietal cerebrum, which were frozen in liquid nitrogen (N2) and stored at 

−70°C. The left hemisphere was immersion fixed in cold 3% buffered paraformaldehyde for 

several days; then it was sliced in the coronal plane, dehydrated, and embedded in paraffin wax. 

 

Histology & Immunohistochemistry 

 All paraffin blocks were sectioned coronally (6 μm thickness) and stained with 

hematoxylin and eosin (H&E). The cerebrum at the level of the anterior horn of the lateral 

ventricles was stained with solochrome cyanine and counterstained with eosin for visualization 

of myelin. Sections were immunostained with rabbit polyclonal anti-glial fibrillary acidic protein 

(GFAP; 1:10000 dilution; DAKO Z0334; Glostrup, Denmark) to label astrocytes and reactive 

astrocytes. The primary antibody underwent 1.5 hours incubation at room temperature. This was 

followed by incubation with appropriate biotinylated secondary antibody, followed by reaction 

with streptavidin-peroxidase, detection with diaminobenzidine (DAB, Sigma D5905), and finally 

counterstaining with hematoxylin. Negative controls were treated without the primary antibody. 

Corpus callosum thickness was measured using 100x ocular magnification at the sagittal midline 

and above the lateral angle of the anterior horn of the lateral ventricle. The second site was 

chosen because fragmentation of the midline region in some hydrocephalic brains preventing 

proper measurement of corpus callosum thickness. For comparative purposes, non-hydrocephalic 

ferrets from our previous experiment (Di Curzio et al., 2013) were also examined. 

 

Myelin Enzymes and Enzyme-Linked Immunosorbent Assays 

 Frozen dorsal frontal and parietal cerebrum samples were homogenized using a radio 

immunoprecipitation assay (RIPA) buffer including protease inhibitors phenylmethylsulfonyl 
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fluoride (PMSF) and aprotinin, which likely explain the lower myelin enzyme activities than 

were obtained previously (Di Curzio et al., 2013). Total protein quantification was determined 

with the Micro BCA (Pierce) Protein Assay kit (Thermo Scientific, Rockford, Illinois, USA). 

Dorsal frontal cerebrum homogenates were used to quantify myelin basic protein (MBP) and 

GFAP content by using ELISAs, as previously described in detail (Di Curzio et al., 2013). 

Colorimetric assays were performed in triplicate, and results are shown in μg of MBP or GFAP 

per gram of protein and averaged per sample. Dorsal parietal cerebrum samples were used to 

quantify the enzyme activity of UDP-galactose:ceramide galactosyltransferase (CGalT) and 

glycerylphosphorylcholine phosphocholine phosphodiesterase (GPC-PP) using the artificial 

substrate p-nitrophenylphosphorylcholine (pNPP). Both are enzymes that are enriched in myelin. 

They were quantified in triplicate as described previously (Del Bigio et al., 1997c; Kanfer & 

McCartney, 1990). 

 

Atomic Absorption Spectroscopy 

 Flame atomic absorption spectroscopy (FAAS) was performed to determine Mg levels in 

anterior forebrain samples as indicated previously (Khan et al., 2007) except for the following 

differences. Ferrets were given their last dose of MgSO4 or NaCl 35 -152 minutes (mean 68.88± 

13.46) before sacrifice. Forebrain samples were thawed and weighed then dissolved in 18 M 

sulfuric acid and 16 M nitric acid over gentle heat. Standards were prepared from a 1000 μg mL
-1

 

Mg standard solution (Alfa Aesar 88077) at concentrations of 0.50, 0.40, and 0.20 μg mL
-1

, 

along with a 1% nitric acid blank. Mg content was measured using Atomic Absorption 

Spectrometer AAnalyst 400 with a PerkinElmer Lamp (Intensitron) using a wavelength of 
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285.21 nm. Measurements were performed in triplicate and averaged to obtain concentrations 

(μg Mg
2+

 per gram brain tissue). 

 

Statistical Analysis 

 All data are presented as mean ± SEM, unless otherwise indicated. Quantitative data were 

analyzed to confirm a normal distribution, and p values ≤ 0.05 were considered statistically 

significant. Statistical analyses for the behavioral tasks, MRI, and all biochemical analyses were 

conducted with the juvenile ferrets (n = 15). Data were assessed using ANOVA and two-tailed t-

tests for behavioral testing, ventricle size, histological data, and biochemical assays to compare 

MgSO4 and NaCl hydrocephalic treatment groups. Qualitative assessments for motor and 

behavioral development were analyzed separately from quantitative measures. Statistical 

analyses were conducted using the SPSS 19.0 software program. 

 

Results 

Mortality 

 Of the 20 kaolin-injected juvenile ferrets, three were euthanized due to severe 

neurological deficits within the first 2 days post-injection (P16), one was euthanized on P22 due 

to severe weight loss and neurological impairment, and one was euthanized on P43 due to 

persistently low weight and neurological impairment despite only slight ventricle enlargement 

(this animal was initially assigned to receive MgSO4). Two of the remaining ferrets were 

nonhydrocephalic; these were used for comparative purposes only. The focus of the results is on 

the hydrocephalic ferrets (n = 13; 8 males and 5 females) that survived the 14-day drug therapy 

period. All were euthanized within 24 hours of the final MRI between postnatal days P45-P46. 
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Ventricle Size on Magnetic Resonance Imaging 

 Ventricular expansion was noticeable 2 days after kaolin injections, where the lateral 

ventricles were already significantly larger compared to the nonhydrocephalic animals (p < 

0.010, t-test). From this time onward, the hydrocephalic ferrets displayed enhanced signal in the 

periventricular white matter on the T2-weighted MR images indicating elevated water content. 

At 14 days post-kaolin injections (P29), MR images showed a range of ventriculomegaly in the 

hydrocephalic ferrets (Figure VI.1). This was particularly evident in the lateral and third 

ventricles, which were significantly enlarged (both p < 0.05, t-tests). Ferrets were stratified 

according to ventricle size and alternately assigned to MgSO4 or NaCl treatment groups to ensure 

that there was no significant difference between hydrocephalic groups before therapy. Both 

hydrocephalic groups displayed further expansion of the ventricles during the therapeutic period, 

exhibiting significant progressive enlargement of the lateral (Figure VI.2; Table VI.1) and third 

ventricles (all p < 0.05, t-tests). Comparison of the NaCl- and MgSO4-treated ferrets showed no 

significant differences for any of the ventricle regions (all p > 0.05, t-tests; Table VI.1). 

 

Body Weight and Behavioral Assessments 

 Behavioral testing began at P10-11 to determine baseline performance before kaolin 

injection was performed at P15. Successful induction of hydrocephalus was typically associated 

with weight loss for several days following injection. Overall, the hydrocephalic ferrets weighed 

39% less than nonhydrocephalic ferrets at P21 (p < 0.001, t-test) and 25% less at P28 (p = 0.009, 

t-test). After the 14-day treatment period, the MgSO4-treated hydrocephalic ferrets weighed 
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significantly less than the NaCl hydrocephalic group during and after treatment (all p < 0.05, 

ANOVA; Table VI.1). 

 By the end of the pretreatment period (P28-P30), all the ferrets were crawling, similar to 

previously assessed motor development (Di Curzio et al., 2013). Walking commenced on P34-

37, with no appreciable differences between hydrocephalic groups. Qualitatively, both groups 

reached motor and behavioral developmental milestones at the same time, although several of the 

MgSO4-treated hydrocephalic ferrets (n = 5) were more unsteady and engaged in less exploratory 

behavior. Unlike our previous finding (Di Curzio et al., 2013), the hydrocephalic ferrets did not 

become hyperactive or wander in circles within the enclosure. MgSO4-treated ferrets were more 

lethargic than NaCl-treated animals. Quantitative activity measurements showed that the 

hydrocephalic MgSO4 group displayed significantly less ambulatory movement, fewer cell 

entries, less distance traveled overall, and less supported rearing, compared to the NaCl group 

during the first week of treatment (all p < 0.05, ANOVA; data not shown). These between-group 

discrepancies were evident primarily during transition to walking phase of development but 

dissipated by the last behavioral time point measured and were not significantly different post-

treatment (Table VI.1). 

 

Structural and Biochemical Changes in Brain 

 Macrophages that had engulfed kaolin and associated collagen deposition were 

microscopically identified throughout the basal subarachnoid space, having spread from the 

cisterna magna injection site; only rare macrophages were present in the fourth ventricle. 

Ventriculomegaly was accompanied by cerebral thinning surrounding the lateral ventricles and 

decreased depth of cerebral sulci. Intact white matter structures such as the internal capsule 
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showed equivalent myelin staining in hydrocephalic and non-hydrocephalic ferrets. There was 

thinning and fraying of the periventricular white matter in all hydrocephalic ferrets; these 

damaged regions had no myelin staining. The corpus callosum thickness did not differ between 

the MgSO4 and NaCl treatment groups (Figure IV.3; Table IV.1). In comparison to non-

hydrocephalic ferrets, there was a slight but not statistically significant reduction of cerebral 

MBP content in the hydrocephalic ferrets; however, there was no difference between treatment 

groups (Table VI.1). To determine if the severity of ventriculomegaly had any impact on the 

MBP content, both treatment groups were subdivided into moderate and severe hydrocephalus. 

Subgroup analyses of the 4 most severely affected ferrets in each group showed no significant 

differences between groups (data not shown). It should be noted that the MBP content at P46 is 

just beginning the rapid accumulation phase (Di Curzio et al., 2013); this is comparable to 

human brain shortly after full term gestation. 

 In periventricular and perivascular foci of the white matter adjacent to the frontal horns of 

the lateral ventricles, NaCl and MgSO4-treated hydrocephalic ferrets displayed similar GFAP 

immunostaining of hypertrophic astrocytes (Figure IV.3). ELISA analysis of GFAP content was 

27% lower in the MgSO4 hydrocephalic group compared to NaCl group, but the difference was 

not statistically significant (p = 0.375, ANOVA; Table IV.1). Subgroup analysis of the most 

severely affected ferrets also did not reveal significant differences in GFAP content between 

treatment groups (data not shown). 

 Myelin enzyme activity was measured in hydrocephalic ferret brains. CGalT is active in 

oligodendrocytes during myelin production (Koul & Jungalwala, 1980); we previously showed 

highest activity from P35-P56 (Di Curzio et al., 2013). There were no significant differences 

between hydrocephalic treatment groups (Table VI.1). GPC-PP is abundant in mature myelin 
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(Sok & Kim, 1994); we previously showed that the activity began to increase at P35 (Di Curzio 

et al., 2013). Compared to the untreated hydrocephalic ferrets, the MgSO4 group tended to show 

lower GPC-PP activity than the NaCl group (p = 0.056) (Table VI.1), but subgroup analysis still 

did not reach significance (data not shown). 

 Mg
2+

 in anterior forebrain samples was slightly, but not significantly, higher in the 

MgSO4 group compared to the NaCl-treated group (p = 0.38, t-test) (Table VI.1). 

 

Discussion 

 Mg
2+

 was shown to have mild protective benefits in rats with experimental hydrocephalus 

treated from 5-7 weeks age but not in rats treated from 1 to 3 weeks age (Khan et al., 2003a; 

2007). We had hoped that MgSO4 treatment would also yield therapeutic benefits in young 

hydrocephalic ferrets. As has been recommended for preclinical stroke and brain trauma studies 

(Diaz-Arrastia et al., 2014; Fisher et al., 2009), the experimental design included randomization, 

blinding, and multiple outcome measures. However, in comparison to NaCl-treated 

hydrocephalic ferrets, we did not find any behavioral, histological, or biochemical evidence to 

support the hypothesis that MgSO4 therapy, at the same dose that was effective in rats, benefits 

hydrocephalic ferrets. Treated ferrets had transient sedation, which is well-documented (Rude & 

Singer, 1981), impaired weight gain, and a tendency to greater progression of ventriculomegaly. 

Despite more severely enlarged ventricles, MgSO4 treatment was associated with reduced GFAP 

accumulation in ferrets albeit not significantly; this finding is similar to that seen in 

hydrocephalic rats treated from 5 to 7 weeks age (Khan et al., 2003a). Reduced astroglial 

reaction has also been reported in kaolin-induced and congenitally hydrocephalic H-Tx rats 

treated with minocycline or decorin (Botfield et al., 2013; McAllister & Miller, 2010; Xu et al., 
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2012). Although reduced GFAP accumulation is often considered an indicator of benefit, another 

possibility is that Mg
2+

, which blocks signaling between astrocytes (Stout & Charles, 2003), 

simply masks the astrocytic response to brain damage. 

 Why was MgSO4 therapy unsuccessful in hydrocephalic ferrets? Rationale for the 

experiment was based upon a previously-demonstrated neuroprotective effect in juvenile 

hydrocephalic rats and a range of experimental data from other neurological disorders. Technical 

and design aspects must be considered. It remains unclear whether entry of Mg
2+

 into brain is via 

the choroid plexus and CSF or through the blood brain barrier (Chutkow, 1978; Oppelt et al., 

1963), although the observed side effect of sedation indicates entry into the brain (Hallak, 1998; 

Hallak et al., 1992; Hilmy & Somjen, 1968). Lethargy is a potential confounder in the behavioral 

assessments, and it prevented complete blinding of the investigators. More importantly, weight 

gain was retarded in the MgSO4 treated ferrets, possibly because lethargy impaired feeding or 

because of the effect of Mg
2+

 on intestinal smooth muscle (de Baaij et al., 2015). Undernutrition 

might have had a negative effect on the outcome. This might be overcome experimentally by 

using a matched feeding strategy. Unfortunately, ferrets are obligate carnivores with short 

intestinal tracts; they can require special diets when they are ill (Orosz, 2013), and therefore 

might not be the ideal animal for studies where feeding is compromised. Periodic subcutaneous 

injections would result in troughs and peaks; in rats Mg
2+

 levels peak at approximately 2 hours 

and return to normal levels within 4 hours after injection (Khan et al., 2003a). We had 

considered using osmotic minipumps, but none would accommodate sufficiently large volumes 

for the treatment period nor could they adjust for the increasing weight of the maturing ferrets. 

Furthermore, based on discussions with the veterinarians, the potential complications (maternal 

biting of the surgical site and sloughing of the skin over the minipumps) outweighed the 
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potential benefits. During the treatment period, we did observe that the MgSO4-treated ferrets 

experienced some skin irritation at the injection sites; rotating the locations of the injections 

minimized this. Oral administration potentially provides longer periods of exposure; however, 

peak levels are not as high as those that follow parenteral administration (Turner et al., 2011). 

We also observed that some MgSO4-treated ferrets began gagging and/or vomiting immediately 

after injections, which would have made repeated gavage difficult. In a clinical situation, tube 

feeding would negate this confounder. Perhaps the intervention was timed incorrectly. If the 

ventricular enlargement is too mild, a therapeutic benefit might be difficult to detect or if the 

intervention is too late, no benefit might be possible. However, subgroup analysis of the 4 most 

severely affected ferrets in each group as well as the least severely affected still showed no 

significant differences between treatment groups. 

 We must also consider that the rodent experimental studies considered in the Introduction 

do not translate to larger animals. The majority documented only short-term benefit. In short 

term studies of brain hypoxic-ischemic damage in immature rat, sheep, and pig models, MgSO4 

has had inconsistent outcomes and results have been confounded by mild hypothermia; for this 

condition reviewers concluded “peripherally administered MgSO4 is unlikely to be 

neuroprotective” (Galinsky et al., 2014). A meta-analysis of 8 randomized controlled trials with 

a total of 786 head-injured patients indicates that MgSO4 has no significant improvement for 

mortality, but there is borderline improvement in the Glasgow Outcome Scale (Li et al., 2015). 

 

Conclusion 

Young hydrocephalic ferrets at the age during which cerebral myelin production is just 

beginning did not exhibit behavioral benefits or white matter protection from MgSO4 therapy. 



 224 

Although MgSO4 seems to be safe in other situations, it was associated with severe sedation, 

which can compromise feeding. Considering the experimental and epidemiologic evidence that 

Mg
2+

 might protect the developing brain in other diseases, this negative result should not 

completely exclude its possible benefits in hydrocephalus. However, preclinical testing might 

have to be done in a larger animal model wherein continuous delivery is possible or more control 

can be achieved over feeding. We will continue to explore other pharmacological agents that can 

be used as a supplement to shunt treatment of hydrocephalus in gyrencephalic animal models. 
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Table VI.1. Results of magnesium sulfate treatment on hydrocephalic ferrets 

 Non-

hydrocephalic 

controls 

NaCl-treated 

hydrocephalus 

MgSO4-treated 

hydrocephalus 

Sample size 2 7 6 

Lateral ventricle area index (P29 / pre-treat) 0.012 ± 0.002 0.147 ± 0.024* 0.155 ± 0.023* 

Lateral ventricle area index (P45 / post-treat) 0.006 ± 0.0005 0.219 ± 0.053*# 0.254 ± 0.046*# 

Percent enlargement ventricles during treatment –  48.9 ± 23.1  63.9 ± 24.4 

Body weight (g) (P29 / pre-treat)  148.0 ± 8.0 114.3 ± 4.8* 106.8 ± 9.1* 

Body weight (g) (P45 / post-treat) 264.5 ± 34.5# 288.3 ± 12.8# 170.0± 31.0*@# 

Rearing activity (beam breaks per 3 min) (P43 / post-treat) 71 ± 16 57 ± 15 22 ± 20* 

Ambulatory activity (beam breaks per 3 min) (P43 / post-treat) 541 ± 21 460 ± 44 321 ± 71* 

Total activity (beam breaks per 3 min) (P43 / post-treat) 684 ± 20 584 ± 54 443 ± 89* 

Number cells entered - open field (per 3 min) (P43 / post-treat) 88 ± 7 115 ± 12 111 ± 15 

Distance traveled - open field (m per 3 min) (P43 / post-treat) 5.64 ± 0.39 7.58 ± 0.95 7.11 ± 1.08 

Medial corpus callosum thickness (μm) 965 ± 95 410 ± 71* 315 ± 97* 

Lateral corpus callosum thickness (μm) 665 ± 45 330 ± 50* 245 ± 59* 

MBP content frontal cerebrum (μg MBP/g protein)  72.19 ± 12.75 64.25 ± 19.66 56.07 ± 14.15 

CGalT activity parietal cerebrum (nM/mg protein/h)  0.029 ± 0.008 0.075 ± 0.024 0.051 ± 0.014 

GPC-PP activity parietal cerebrum (nM/mg protein/h) 15.25 ± 1.83 14.42 ± 0.90 11.64 ± 1.20 

GFAP content frontal cerebrum (μg GFAP/g protein) 0.64 ± 0.02 0.90 ± 0.13 0.70 ± 0.12 

Frontal cerebrum magnesium (μg Mg
2+

/g brain tissue)  133.64 ± 4.97 135.59 ± 10.37 150.89 ± 5.23 

All data are presented as mean ± SEM. Behavior and ventricle size are specified at by postnatal day (P) 

age. All brain structural and biochemical data are at P45. 

*p<0.05 control vs. hydrocephalic, t-tests or ANOVA. 

@p < 0.05 NaCl vs. MgSO4-treated ferrets, t-tests or ANOVA. 

#p < 0.05 P29 (pre-treat) vs. P45 (post-treat), t-tests. 

 

CGalT – ceramide galactosyltransferase 

GFAP – glial fibrillary acidic protein 

GPC-PP - glycerylphosphorylcholine phosphocholine phosphodiesterase 

MBP – myelin basic protein 

 

  



 226 

 

Figure VI.1. T2-weighted magnetic resonance images showing frontal coronal slices of brains of ferrets 

without hydrocephalus as well as ferrets that were treated with MgSO4 or NaCl between 29 and 45 days 

age. Progressive ventriculomegaly is evident in these examples of both treatments. 
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Figure VI.2. Bar graph (mean ± SEM) showing cross sectional ratio of the lateral ventricle frontal horn 

areas to the cerebrum on the magnetic resonance images. The 16-day images were obtained 2 days after 

kaolin injection, the 29-day images were 14 days after kaolin injection and immediately prior to onset of 

drug treatment, and the 45-day images were obtained at the end of the treatment period shortly prior to 

termination (n = 7 for NaCl and n = 6 for MgSO4 each at all time points). In comparison to non-

hydrocephalic controls (not shown) and previous time points the ventricles enlarged progressively at 

successive time points (p < 0.05). There were no significant differences between the MgSO4 and NaCl 

treatment groups.  *p < 0.05 control vs. hydrocephalic, and #p < 0.05 P29 (pre-treat) vs. P45 (post-treat),  

t-tests or ANOVA. 
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Figure VI.3. Photomicrographs showing white matter above the frontal horn of the lateral ventricle in 46-

day-old hydrocephalic ferret brains, after a 14-day treatment period with MgSO4 or NaCl. A (upper pair) - 

Corpus callosum (CC) thinning is evident in both animals (solochrome cyanine stains myelin blue, with 

pink eosin counterstain). B (lower pair) - GFAP immunolabeling (brown) showing hypertrophic reactive 

astrocytes in periventricular white matter near the lateral angle of the frontal horn. There is no obvious 

difference between the two groups of hydrocephalic ferrets. Objective magnification: A - 40x, B - 100x; 

Scale bar = 100 μm. LV - lateral ventricles, SVZ –subventricular zone. 
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CHAPTER VII. SUMMARY OF DISCUSSION 

Hydrocephalus is a common neurological condition that can manifest at any age as an 

acquired form that results secondarily from a variety of brain injuries or diseases.  It can also 

arise congenitally from different neurodevelopmental perturbations.  The severity of the 

condition is dependent on the etiology, the age of onset, the rate of ventricular enlargement, and 

the periventricular regions of the brain most affected by ventricular dilatation.  Thus, it is a 

heterogeneous condition with multiple causes and varied clinical outcomes.  Surgical 

interventions have been implemented to stabilize the condition, but there is still no definitive 

cure for hydrocephalus. Ventricular shunt surgery is associated with numerous complications, 

including malfunction, infection, failures, and the need for replacement of shunt valves and/or 

catheters.  Shunting is also limited in its ability to reverse cellular damage associated with the 

condition.  Although ETV has emerged as a viable option for surgically treating hydrocephalus, 

it is also limited in scope, i.e., it has a higher success rate for treating mild to moderate 

hydrocephalus due to aqueductal stenosis in patients over a year old.  It is, therefore, integral that 

effective treatment options are available for young hydrocephalic infants to prevent irreversible 

brain damage. 

 

One of the main goals of this project was to demonstrate the efficacy of pharmacologic 

therapies as potential means of modulating brain damage, which were aimed primarily for use as 

supplements to allow a safer delay in surgical shunting treatment of hydrocephalus.  Before 

commencing our drug experiments though, it was important to first establish another animal 

model of hydrocephalus that possessed a larger, complex brain and determine if the 

neuropathological changes observed in this model resembled the human condition, as well as 
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other animal models.  Since most pharmacological therapies tested for hydrocephalus have been 

performed with rats, examining drug treatments in animals with larger brains is particularly 

important when considering the woeful ramifications of progressing towards unsuccessful human 

clinical trials based on successful drug therapy in rodents for stroke, which has prompted the 

necessity of preclinical demonstration of treatment efficacy in animals with gyrencephalic brains 

(Fisher et al., 2009; STAIR Group, 1999). Given that the pathogenesis of hydrocephalus-

associated axon damage has overlap with stroke (hypoperfusion, oxidative mechanisms, calcium 

ion-mediated effects), we based our rationale for this project using a similar study approach.  

 

With respect to this rationale, we experimentally induced hydrocephalus in juvenile 

ferrets using the kaolin-injection method.  Thus, our first objective of the project was to ensure 

that ferrets would be responsive to kaolin induction and characterize the model before 

proceeding to drug therapy.  We were able to successfully induce hydrocephalus in ferrets at 2 

weeks of age and follow their progress until about 7 weeks of age before viability of the animals 

became a significant concern.  We were able to demonstrate that ferrets show similar behavioural 

impairments and neuropathological changes as other kaolin-injected animal models and humans 

with hydrocephalus.  Unlike rats, ferrets have gyrencephalic brains with a relatively large 

volume of white matter like humans, and they have a more protracted period of 

neurodevelopment than rodents, so it was important to show that the neuropathogenesis found in 

the ferret model resembled the human condition.  In the hydrocephalic ferrets, we found that 

behavioural deficits were evident only as ventriculomegaly progressed especially after five 

weeks of age when the transition from crawling to walking occurred, which was proceeded 

shortly by the opening of the eyes and ears of the ferret kits.  Ventricular expansion occurred 
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throughout the ventricular system, but it was most pronounced in the lateral ventricles, so we 

focused our attention to periventricular regions, including the white matter (particularly the 

corpus callosum) and the SVZ.  We found reduced cell proliferation, increased apoptotic cell 

death, axonal damage, increased reactive astroglia and microglia, and reduced Olig2+ cells in 

these periventricular regions.  The decrease in Olig2+ cells prompted further investigation into 

the cell type(s) that were particularly impaired, as Olig2 expression is linked to astrocyte and 

oligodendrocyte glial precursors, as well as motor neurons.  Our analyses led to further questions 

as there was very little overlap with Olig2+ cells with an OPC marker, Tcf4, and an astrocyte 

marker, GFAP, despite a continued reduction in Olig2+ cells in the periventricular regions of 

hydrocephalic ferrets.  Thus, further analyses should be investigated in these brain regions to 

determine which cells are most affected by the condition. 

 

Once we characterized the ferret model of hydrocephalus, we ventured towards the 

pharmacological treatment objectives of the research project.  Since various pharmacological 

agents have demonstrated protection of the hydrocephalic brain, it is essential to confirm the 

efficacy of these various agents in animals with gyrencephalic brains, which would substantiate 

potential benefits in human clinical trials for treating hydrocephalus.  It could also lead to future 

studies that examine the mechanisms for which these drugs have been relatively successful. This 

project focused on anti-oxidative therapy and the calcium channel antagonist agent MgSO4. The 

rationale for the antioxidant treatment was based upon the following observations: a) The 

pathogenesis of axonal damage in hydrocephalus includes cellular hypoxia (Del Bigio et al., 

2012) and increased lipid peroxidation in white matter (Caner et al., 1993; Socci et al., 1999); 

and b) Lipid peroxidation can be reduced in hydrocephalic rat brains by different antioxidants 
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(Etus et al., 2001; 2003).  In terms of MgSO4 treatment, the rationale for testing this agent 

includes: a) Hydrocephalic animals and humans have reduced blood flow in white matter (Del 

Bigio, 1993; 2010a; Richards et al., 1995); b) The pathogenesis of axonal damage in 

hydrocephalus includes calcium-mediated proteolysis (Del Bigio, 2000); and c) Brain damage in 

young hydrocephalic rats can be reduced by calcium channel antagonists MgSO4 and 

nimodipine, which have vasoactive properties (Del Bigio, & Massicotte, 2001; Khan et al., 

2003).  Thus, if drug therapies worked in ferrets with hydrocephalus, it would provide a rationale 

and impetus for testing these drug therapies in a clinical setting.   

 

  In terms of pharmacological treatment, we commenced our investigations in rats using a 

combination of anti-oxidative agents that have separately or in conjunction shown beneficial 

outcomes in treating other neurological conditions in animal models, particularly ischemic and 

hemorrhage-related brain injuries.  We started with rats to demonstrate a baseline efficacy with 

the antioxidant agents in hydrocephalus, and we were going to advance the approach in ferrets if 

we found beneficial outcomes.  Despite a sound rationale and methodological approach, we did 

not demonstrate behavioural, brain structural, or biochemical benefits in the hydrocephalic rats, 

but we did find that canola oil can potentially normalize the antioxidant capacity in the brain. 

Potential reasons for unsuccessful outcomes will be discussed briefly below in the limitations 

section.  Meanwhile, we attempted to implement a drug therapy in hydrocephalic ferrets for the 

first time using MgSO4.  Based on mild neuroprotective benefits found in rats with this agent, we 

hypothesized that similar effects would occur in the ferrets as well, which would demonstrate the 

consistency of such approaches.  However, we did not find any behavioural, brain structural, or 

neurobiochemical evidence of neuroprotection in the hydrocephalic ferrets.  Despite our efforts 
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to examine treatment benefits using multiple techniques, we found little to no therapeutic 

effectiveness for either the antioxidant treatment in hydrocephalic rats or the MgSO4 treatment in 

the hydrocephalic ferrets.  This said, there were limitations to our experimental approaches, 

which could account for our lack of therapeutic efficacy that must be addressed. 

 

VII.1 Limitations of the Drug Intervention Studies 

 Among the various limitations of the study, there are four major potential shortcomings 

that should be addressed.  The first important limitation is severity of hydrocephalus encountered 

in our animal models, particularly in the rat antioxidant experiment.  Similar to the human 

condition, hydrocephalic rats experienced a range of severity of ventriculomegaly after the 

kaolin injection.  However, several rats exhibited only mild to moderate ventricular expansion, 

even by the end of the study.  Thus, it is possible that appreciable brain damage was not endured 

by these animals, particularly at the cellular and biochemical levels, which made them less 

susceptible to the drug intervention employed.  Although we observed increased oxidative stress 

via lipid peroxidation assessment in cerebral brain tissue of the hydrocephalic rats, it was not 

profoundly different than control animals nor did it differ greatly between sham and antioxidant-

treated animals.  We also observed somewhat elevated reactive astrogliosis and some 

periventricular structural brain damage in the hydrocephalic rats, but again only a few animals 

showed severe brain damage with appreciably dilated ventricles.  Thus, it is possible that the 

brain injury was not severe enough to activate the anti-oxidative mechanisms necessary for 

noticeable improvements to occur.  The hydrocephalic ferrets also showed a range of 

ventriculomegaly that tended to be mild to moderate when MgSO4 treatment commenced.  

Although axonal damage was assessed in our ferret hydrocephalus characterization study, it was 
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not examined directly in our drug study with the ferrets.  Increased intracellular calcium and 

proteolytic enzyme activation has been linked to axon cytoskeletal damage, so the magnesium 

treatment could have shown some neuroprotective benefits in terms of axon damage. However, it 

appeared that many of the hydrocephalic ferrets studied showed potentially only periventricular 

tissue compression, rather than severe tissue destruction, which could have included only mild 

axonal damage.  Thus, the severity of hydrocephalus could have been a limitation in this study, 

but would it be advisable to wait for major tissue damage before implementing such therapeutic 

approaches in a clinical setting? 

 

 Related to severity, the second potential limitation is the timing of therapeutic 

interventions.  In our current experiments, as well as previously examined drug approaches in 

our lab, pharmacological treatment commenced 2 weeks after kaolin induction to ensure that 

hydrocephalus was present and ventricular expansion had occurred.  This two-week period could 

be either too short a wait or too late to demonstrate therapeutic benefits with these agents.  In 

many of the various drug studies conducted with hydrocephalus that were described in the 

nonsurgical approaches section, treatment began prior to, subsequently, or immediately after an 

induction method, which led to partial or appreciable therapeutic benefits.  The problem with 

concluding that these drug treatments were successful is that the researchers often failed to 

demonstrate that considerable ventriculomegaly or hydrocephalus was indeed established before 

commencing their interventions.  In our studies, we did ensure that hydrocephalus was 

established, but we may still have started our drug treatments too early because of the lack of 

severe hydrocephalus in many of our animals.  Alternately, some irreversible brain damage could 

occur during this two-week period, which rendered our drug approaches ineffective in their 
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specific brain protection targets.  With respect to this, stroke treatments are typically most 

beneficial when administered within a short time window from initial brain insult.  Although 

brain damage is quite sudden when an imminent stroke occurs, whereas the onset and 

progression of brain damage in hydrocephalus occurs over a longer period of time, it is still 

possible that early structural and brain tissue impairments that occurs during this two-week 

observation interval are not amenable to repair once a therapeutic intervention is implemented.  

This could be related to the age of onset of hydrocephalus because our lab has previously shown 

that mildly protective treatment with calcium channel antagonists was only apparent in juvenile 

rats but not neonatal rats with earlier onset of hydrocephalus (Del Bigio & Massicotte, 2001; 

Khan et al., 2003a; 2007). 

 

The third major limitation pertains to the different routes of drug administration 

attempted in our study.  For the rat hydrocephalus antioxidant study, oral gavage treatment was 

implemented to administer the sham and antioxidant doses to the animals for the two-week 

treatment period.  This approach was used because it enabled the animals to receive the same 

concentrations of the drugs based on their weights, as well as ensure that they ingested the entire 

dose each time, which likely would not have occurred if we incorporated the treatments in their 

food.  It was also devised because previous studies showed benefits with some of the antioxidant 

agents when administered orally to treat different neurological conditions, such as brain infarcts.  

However, oral administration does not work as quickly as parenteral approaches, such as 

subcutaneous, intravenous, or intraventricular injections, in terms of drug action and metabolism 

of drug agents (Turner et al., 2011).  Thus, this slower enteral approach could have shown 

benefits if the treatment period was extended further in these animals.  However, it is also 
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possible that some of the agents were not able to successfully cross the BBB using this oral 

treatment method, which has been investigated previously with some of these antioxidants, 

particularly CoQ10.  Thus, it might be important to ensure that all of the agents used are 

prepared in a soluble form that can cross the BBB to increase the potential for neuroprotective 

effects.  In terms of MgSO4 treatment in hydrocephalic ferrets, it is known to pass through the 

BBB, and the side effect of lethargy was indicative of this expectation.  However, we used s.c. 

injections to treat the young ferrets, whereas the previous rodent study in our lab used osmotic 

pumps to administer the MgSO4.  This latter approach showed mild benefits potentially because 

it enables slow, continuous administration of magnesium during the two-week treatment period, 

which is important because magnesium is metabolized relatively quickly and returns to trough 

levels in the brain after a few hours (Khan et al., 2003a).  Due to surgical difficulties with 

implementing the osmotic pumps in the young ferrets, along with the likely potential that the jills 

would try to remove them or abandon their kits, we performed 3 daily s.c. injections instead to 

avoid such issues.  We also separated the treatments approximately evenly every 8 hours to 

maintain elevated magnesium in the system, but this may not have been a short enough interval.  

Thus, if this approach were to be attempted again, it may be more effective using the pumps in 

animals and potentially through intravenous administration if ever attempted in a clinical setting.  

 

The fourth major limitation of this study along with virtually all the nonsurgical 

approaches attempted over the decades is the lack of implementing drug treatment in conjunction 

with surgical shunting intervention.  In a clinical setting, it is likely that the first line of 

nonsurgical treatments to be implemented based on the successful drug trials in animal models 

would not be administered alone.  Despite their shortcomings and complications, surgical 
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approaches are still the primary route of treatment for chronic hydrocephalus, whether in infants, 

children, or adults.  Thus, novel clinical drug trials may be started in combination with surgical 

intervention or repeated CSF drainage via external CSF tapping to reduce ventricular 

enlargement and elevated ICP when implementing therapeutic agents.  However, ventricular 

shunting (and ETV) in premature and very small infants have very high failure rates, which is 

why neurosurgeons are hesitant to operate on such infants.  This is particularly important with 

congenital hydrocephalus prompting the need for alternate therapeutic approaches, such as drug 

treatments, to reduce brain damage during this critical developmental period when the decision 

to shunt or not shunt is being considered.  Thus, a combinatory approach may be more beneficial 

for hydrocephalic children or adults compared to young infants where surgical interventions are 

relatively less fraught with complications or failures.  In our drug treatment experiments, we did 

not use a combinatory approach, so we cannot dismiss the therapeutic potential of these 

antioxidant or MgSO4 treatments without ensuring the appropriate dosages were used, as well as 

examining how effective they could be when investigated in conjunction with surgery.  As 

indicated in the future directions below, it is critical that various drug treatments tested in animal 

models of hydrocephalus are combined with surgical approaches to substantiate their therapeutic 

potential or confirm their inefficiencies.  This is especially important for drugs that are directed 

towards specific modes of brain modulation and/or protection, such as anti-oxidative, anti-

inflammatory, or anti-fibrotic agents, among others.   

 

VII.2 Conclusion 

Hydrocephalus is a common neurological condition with heterogeneous etiology, age of 

onset, severity, and clinical outcome.  Surgical interventions are prone to multiple complications 
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and that require repeated revisions, which adds to the morbidity and mortality associated with the 

condition.  Surgical treatment is also very costly and impedes the quality of life of the millions of 

sufferers of this chronic debilitating illness.  Nonsurgical treatments are becoming more and 

more directed towards specific mechanisms of brain damage associated with hydrocephalus 

manifestation and prevention, but further research is necessary to establish clinical efficacy.  In 

conclusion, hydrocephalus currently has no definitive cure, but continued research and practice 

can hopefully provide better treatment outcomes potentially using combined surgical and 

therapeutic approaches that will improve the quality of life of people suffering from this 

condition.                 

                       

 

  



 239 

CHAPTER VIII. FUTURE DIRECTIONS 

Researchers have been examining ways to treat hydrocephalus for centuries with a 

concerted and more directed effort spanning the last century.  Surgical interventions have been 

able stabilize the condition in infants, children, and adults, but they are rife with complications, 

despite advances in technology and medical practices.  Nonsurgical means of treating 

hydrocephalus have been attempted almost as long as surgical approaches, but it is only recently 

that various therapeutic agents have show considerable promise.  Some of these drug treatments 

have been aimed to prevent the occurrence of hydrocephalus, while others are focused on 

providing a temporary relief before surgical intervention is attempted.  Since there is very little 

evidence that any single drug agent can prevent or cure hydrocephalus, more research needs to 

be focused on confirming the relative benefits of the agents that have exemplified some promise 

in larger animal models.  It should also be explored whether combining pharmacological agents 

that have shown therapeutic benefits in animal models would lead to greater success.  In this 

sense, most of the successful drug treatments have been exemplified in rodent models of 

hydrocephalus.  It is essential that these results are confirmed in these models, particularly over a 

more protracted period of time to ensure that beneficial outcomes are not just temporary.  

Furthermore, it is critical that such experiments are also conducted in gyrencephalic animal 

models to establish credibility of their neuroprotective effects, and to advance towards clinical 

trials with these agents whether alone or in combination. 

There is also very little to no animal or clinical data on the synergistic effects of 

combined surgical and nonsurgical approaches in treating hydrocephalus.  Thus, it is integral that 

future research is aimed towards examining drug agents that have shown promise for various 

aspects of brain protection in response to ventriculomegaly, and then administer them in 
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conjunction with surgical interventions.  Such attempts would ensure that a surgical procedure is 

performed to reduce mechanical pressure and ventricular enlargement associated with CSF 

buildup, while therapeutic agents would be aimed at reducing tissue or cellular damage. If more 

data is collected using this dual approach and beneficial and lasting effects are observed, it is 

likely that this could progress towards more clinical trials.  Thus, it is important to continue 

searching for therapeutic agents that have show robust evidence for neuroprotective capabilities 

along with continuing to improve surgical interventions so that more infants, children, and adults 

can be treated effectively for hydrocephalus.      
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