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Abstract

Hydrocephalus is caused by the accumulation of cerebrospinal fluid in the cerebral ventricular

system which results in an enlargement of the cranium due to increased intraventricular pressure.

The increase in pressure within the brain typically results in sloughing of ciliated ependymal cells,

loss of cortical grey matter, and increased gliosis. Congenital hydrocephalus is associated with

several syndromes including primary ciliary dyskinesia (PCD), a rare, genetically heterogeneous,

pediatric syndrome that results from defects in motile cilia and flagella. We have examined the

morphological and physiological defects in the brains of two mouse models of PCD, nm1054 and

bgh, which have mutations in Pcdp1 (also known as Cfap221) and Spef2, respectively.

Histopathological and immunohistochemical analyses of mice with these mutations on the

C57BL/6J and 129S6/SvEvTac genetic backgrounds demonstrate strain-dependent morphological

brain damage. Alterations in astrocytosis, microglial activation, myelination, and the neuronal

population were identified and are generally more severe on the C57BL/6J background. Analysis

of ependymal ciliary clearance ex vivo and cerebrospinal fluid flow in vivo demonstrate a

physiological defect in nm1054 and bgh mice on both genetic backgrounds, indicating that

abnormal cilia-driven flow is not the sole determinant of the severity of hydrocephalus in these

models. These results suggest that genetic modifiers play an important role in susceptibility to

severe PCD-associated hydrocephalus.
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1. Introduction

Congenital hydrocephalus is a birth defect occurring with a frequency of approximately 1-3

in 1000 newborn children that is caused by an accumulation of cerebrospinal fluid (CSF) in

the cerebral ventricular system (Chiafery, 2006; Del Bigio, 2001; Del Bigio, 2004; Mataro et

al., 2001; Perez-Figares et al., 2001; Rekate, 1997; Zhang et al., 2006). This excess CSF

results in an enlargement of the cranium due to an increase in intraventricular pressure.

Patients suffering from congenital hydrocephalus commonly experience vomiting,

sleepiness, and seizures. If left untreated, individuals are frequently afflicted with headaches,

visual deficits, ataxia, cognitive dysfunction, and premature death. Currently, the only

available treatments for hydrocephalus involve the surgical insertion of a shunt to drain CSF

from the ventricles or an alternative surgical procedure called endoscopic third

ventriculostomy, both of which can result in complications and necessitate follow-up

medical care (Browd et al., 2006a; Browd et al., 2006b; Chiafery, 2006; Drake, 2008;

Hanigan et al., 1991; Kang and Lee, 1999; Khan et al., 2007; Mataro et al., 2001; Rekate,

1997).

Hydrocephalus may be either communicating or obstructive (Chiafery, 2006; Del Bigio,

2001; Del Bigio, 2004; Mataro et al., 2001; Perez-Figares et al., 2001; Rekate, 1997; Zhang

et al., 2006). In communicating hydrocephalus, CSF flow is inhibited, often due to defects in

CSF production, flow, or reabsorption. Obstructive hydrocephalus results from blockage of

flow within the ventricular system by obstruction or constriction and is classified based on

point of obstruction (Rekate, 2011). In both types of hydrocephalus, CSF accumulation leads

to excessive intraventricular pressure, typically resulting in the sloughing of the ciliated

ependymal cells, loss of cortical gray matter, and gliosis (Del Bigio, 2001; Del Bigio, 2004;

Dominguez-Pinos et al., 2005; Mataro et al., 2001). In humans, non-syndromic congenital

hydrocephalus has been linked to three associated genes: L1 cell adhesion molecule

(L1CAM) on the X chromosome (Jouet et al., 1993), the Wnt pathway inhibitor CCDC88C

(Ekici et al., 2010), and MPDZ, which encodes a multiple PDZ domain protein associated

with tight junctions (Al-Dosari et al., 2013). Mouse models have identified myriad

additional genes associated with congenital hydrocephalus, including transcription factors,

cadherins, and cytokine signaling suppressors (Lee, 2013). Congenital hydrocephalus is also

associated with a variety of genetic syndromes, including primary ciliary dyskinesia (PCD)

(Lee, 2013). A more complete understanding of genetic and molecular causes of

hydrocephalus is required to improve diagnosis and treatment.

PCD, a genetically heterogeneous, pediatric syndrome, affects approximately 1 in 16,000

newborns (Afzelius, 2004; Chodhari et al., 2004; Horani et al., 2014; Ibanez-Tallon et al.,

2003; Knowles et al., 2013; Lee, 2011; Leigh et al., 2009). Affected patients are commonly

afflicted with chronic rhinosinusitis, otitis media, and male infertility, with situs inversus,

hydrocephalus, and female infertility also occurring in some patients. PCD results from

defects in the structure and function of motile cilia, microtubule-based organelles that play a

role in the motility of fluids and cells within the respiratory system, cerebral ventricles, and

reproductive system. Motile cilia function through a coordinated beating motion driven by

the planar cell polarity signaling pathway (Chodhari et al., 2004; Wallingford, 2010). Within
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the cilium, nine pairs of microtubules surround an additional central pair, giving rise to a

9+2 ultrastructure (Afzelius, 2004; Chodhari et al., 2004; Lee, 2011; Satir and Christensen,

2007). Cilia located on the embryonic node lack a central pair and are responsible for left-

right patterning. Motile cilia are structurally related to flagella, which are present on

spermatozoa and single celled organisms such as Chlamydomonas reinhardtii and are

required for cell motility. The immotile primary cilia found on other cell types, which have a

9+0 microtubule structure and a mechanosensory function, are unaffected in PCD patients

(Berbari et al., 2009; Guemez-Gamboa et al., 2014).

Hydrocephalus has been observed in numerous mouse models of PCD (Lee, 2013). The

nm1054 and big giant head (bgh) models were previously characterized on both the

C57BL/6J (B6) and 129S6/SvEvTac (129) backgrounds (Lee et al., 2008; Sironen et al.,

2011). The PCD in both models is characterized by hydrocephalus, male infertility, and

respiratory abnormalities that result from cilia with a reduced beat frequency (Lee et al.,

2008; McKenzie et al., 2013; Sironen et al., 2011). However, severe gross hydrocephalus

was only observed on the B6 background, suggesting the presence of genetic modifiers of

the hydrocephalus. The nm1054 mouse possesses a 400 kb deletion on chromosome 1 that

results in the disruption of six different genes (Lee et al., 2008; Lee et al., 2007; Ohgami et

al., 2005a; Ohgami et al., 2005b). Transgenic rescue demonstrated that deletion of the

primary ciliary dyskinesia protein 1 (Pcdp1) gene, also known as ciliary and flagellar

associated protein 221 (Cfap221), induces the reported PCD phenotype (Lee et al., 2008),

and studies in C. reinhardtii have shown that Pcdp1 is a central pair protein that regulates

ciliary motility via interactions with Ca2+-Calmodulin (DiPetrillo and Smith, 2010). The bgh

PCD results from a mutation in the Sperm flagellar protein 2 (Spef2) gene (Lambe et al.,

2009; Sironen et al., 2011). Spef2 is thought to be involved in intraflagellar transport and is

the likely homolog of the C. reinhardtii protein Central pair complex 1 (Cpc1) (Sironen et

al., 2010; Sironen et al., 2011; Sironen et al., 2006; Zhang and Mitchell, 2004).

To further understand the hydrocephalus in the nm1054 and bgh models, we have

extensively analyzed the morphological and physiological defects in mutant brains on both

the B6 and the 129 backgrounds. Structural damage and disruption of numerous cell types

correlate with the severity of hydrocephalus and are generally more severe on the B6

background. Functional disruption of CSF flow and a defect in ependymal ciliary function,

however, were observed in both PCD mutants on both genetic backgrounds, suggesting that

abnormal cilia-driven flow is not the sole determinant of severe hydrocephalus in these

models.

2. Materials and Methods

2.1. Animals

The nm1054 and bgh mouse lines were maintained on the C57BL/6J (B6) and 129S6/

SvEvTac (129) backgrounds. Mice were analyzed at three weeks of age. The nm1054 mice

on the B6 background rarely live to weaning age due to severe hydrocephalus and anemia

(Lee et al., 2008; Ohgami et al., 2005a). To enable the analysis of three-week-old mice, we

analyzed animals expressing the RPCI-22 bacterial artificial chromosome 11D19, which

contains the Steap3 gene, to rescue the anemia (Ohgami et al., 2005b). All experiments were
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carried out in accordance with the Animal Welfare Act, NIH policies, and the Sanford

Research Institutional Animal Care and Use Committee.

2.2. Histology and Immunohistochemistry

Heads from nm1054, bgh and wild type (WT) animals on both backgrounds were immersion

fixed in Bouin’s fixative until bones had sufficiently decalcified. To preserve the neural

architecture to the fullest extent, a 5 mm coronal slice was cut through the whole head and

embedded in paraffin using a 300 ASP tissue processor (Leica). Coronal sections were then

cut at a thickness of 5 μm and stained with hematoxylin and eosin (H&E) using a Tissue-

Tek automated H&E stainer (Sakura). Slides were viewed using a 90i upright microscope

(Nikon) and imaged with a Digital Sight DS-2Mv camera (Nikon). Three to six mice were

used for all histological analyses.

The BenchMark® XT automated slide staining system (Ventana Medical Systems, Inc.) was

used for immunohistochemical analysis of the coronal sections. Cilia were labeled using

anti-acetylated tubulin (Sigma-Aldrich, T7451) (McKenzie et al., 2013) at a 1:6000 dilution.

Glia were labeled using anti-GFAP (Dako, Z0334) (Thelen et al., 2012) at a 1:500 dilution,

anti-Iba1 (BioCare Medical, CP290) (Woodruff et al., 2008) at a 1:100 dilution, and anti-

CD68 (AbD Serotec, MCA1957) (Thelen et al., 2012) at a 1:25 dilution. White matter was

visualized using anti-MBP (Millipore, NE1018) (Markakis et al., 2009; Steffenhagen et al.,

2012) at a 1:1000 dilution. Cortical neurons were imaged using anti-MAP2 (Millipore,

MAB3418) (Falcao et al., 2013; Srivastava et al., 2012) at a 1:500 dilution. Biotin-SP-

conjugated AffiniPure Goat Anti-Rabbit IgG, Biotin-SP-conjugated AffiniPure Donkey

Anti-Mouse IgG and Biotin-SP-conjugated AffiniPure Goat Anti-Rat IgG (Jackson

ImmunoResearch) were diluted 1:1000 and used as secondary antibodies. The Ventana

iView DAB detection kit was used for detection, and all slides were counterstained with

hematoxylin. Slides were viewed using a 90i upright microscope (Nikon) and imaged with a

Digital Sight DS-2Mv camera (Nikon). Three to six mice were used for all

immunohistochemical analyses.

2.3. Ependymal Ciliary Clearance Assay

Brains from nm1054, bgh, and WT mice on both backgrounds were dissected in phosphate

buffered saline (PBS) to expose the wall of the lateral ventricle as previously described

(Mirzadeh et al., 2010). After dissection, the exposed wall was moved to a sylguard-coated

glass dish (Dow Corning, Pyrex) containing fresh PBS and immobilized with pins. A small

amount (< 0.5 μl) of India ink diluted to 50% in PBS with 10% glycerol was deposited onto

the ependymal surface using a Wiretrol pipet. Ink movement was recorded using an

SMZ1000 stereomicroscope and DS-Fi1 camera and analyzed with NIS Elements software

(Nikon). For each animal, the distance that ependymal cilia moved the ink stream within two

seconds was measured using the NIS Elements software, and this measurement was used to

calculate the flow rate. Microsoft Excel was used to perform a two tailed t-test to determine

statistical significance. n=11 WT B6, 6 WT 129, 3 nm1054 B6, 6 nm1054 129, 6 bgh B6,

and 6 bgh 129 animals.
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2.4. CSF Flow Analysis

WT, nm1054, and bgh animals on both backgrounds were intraperitoneally injected with 15

μl/g Avertin (2% 2,2,2-tribromoethanol; Sigma). When no longer responsive, mice were

immobilized in a stereotaxic device (Stoeling). The right lateral ventricle was injected with 1

μl India ink using the following coordinates: 1.5 mm anterior to bregma, 1 mm lateral of the

midline, and 3 mm deep. As mutant animals ranged in size depending upon genetic

background, coordinates for injecting smaller mutant animals (nm1054 and bgh on the B6

background) were amended to 1 mm anterior to bregma and 0.75 mm lateral, with injection

depth kept constant. One minute after ink injection, animals were sacrificed by cervical

dislocation, and heads were immersion fixed in Bouin’s fixative. Coronal sections were

generated as described above and stained with cresyl violet. n=7 WT B6, 7 WT 129, 5

nm1054 B6, 7 nm1054 129, 7 bgh B6, and 5 bgh 129.

3. Results

3.1. nm1054 and bgh mutant brains have morphological damage with strain-dependent
severity

Histological examination of brains from nm1054 and bgh mice demonstrates ventricular

dilatation in addition to notable damage to the white matter (Fig. 1 A-F). For each mutant,

the severity of the neurological damage is dependent upon the genetic background on which

it is maintained. The lateral ventricle in WT mice is a narrow space (Fig. 1 A, D). In

contrast, nm1054 animals maintained on the B6 background demonstrate a severe pathology

with dramatic dilatation of the lateral ventricles (Fig. 1 B). Separation of the ependyma from

the damaged white matter is also visible (Fig. 1 B). The bgh brains on the B6 background

have a similarly severe phenotype (Fig. 1 C) as was previously demonstrated (Sironen et al.,

2011). The ventricular dilatation in both mutants is likely due to the accumulation of CSF in

the lateral ventricles, and resulting intraventricular pressure is likely responsible for the

ependymal sloughing and white matter damage as typically seen in hydrocephalic brains

(Del Bigio, 2001; Del Bigio, 2004; Dominguez-Pinos et al., 2005; Mataro et al., 2001). For

both mutants, the observed damage is less severe on the 129 background (Fig. 1 E, F). The

nm1054 mutants have only mild ventricular dilatation with no evidence of ependymal

sloughing or white matter damage (Fig. 1 E). Interestingly, bgh mutants on the 129

background present hydrocephalus with varying degrees of severity, ranging from mild

enlargement of the ventricles to more severe ventricular dilatation and damage to the white

matter, although ependymal sloughing was rarely observed (Fig. 1 F).

Defects in the ciliated ependymal cells lining the lateral ventricles were further investigated

using an immunohistochemical approach. Staining for ciliary marker acetylated tubulin

shows morphology consistent with the histological analysis. In the WT brains, the entire

wall of the lateral ventricle is lined with organized cilia (Fig. 1 G, J, M, P). Both nm1054

and bgh mutants on the 129 background also possess organized ciliated ependyma (Fig. 1 K,

L, Q, R). Although there is occasional sloughing of the ependymal layer in the bgh mutants

on the 129 background, the cilia largely remain intact (Fig. 1 L, R). In both mutants on the

B6 background, however, there is extensive ependymal sloughing and loss of cilia along the

surface of the lateral ventricles (Fig. 1 H, I, N, O).
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Histological examination of the caudal regions of nm1054 and bgh brains demonstrated

dilatation of the third ventricle on the B6 background (Fig. 2 A-C). Consistent with the

lateral ventricles, bgh mutants on the 129 background showed some dilatation, but little to

no enlargement was observed in nm1054 mutants on the 129 background (Fig. 2 D-F).

Acetylated tubulin immunostaining indicates that the ciliated ependymal cells lining the

third ventricle are intact in both mutants on both backgrounds (Fig.2 G-L). In addition, there

is no evidence of dilatation, ependymal sloughing, or loss of cilia in the aqueduct of Sylvius

(Fig. 3 A-L) or the fourth ventricle (Fig. 3 M-X) of either mutant on either background.

Absence of obstructions or strictures in the ventricular system suggests that the

hydrocephalus in nm1054 and bgh mutants is due to a functional defect rather than an

obstructive one.

3.2. nm1054 and bgh mutants have strain-dependent glial responses

To further characterize the damage in nm1054 and bgh brains, presence and organization of

specific cell types were visualized using immunohistochemistry. Gliosis involves the

activation and recruitment of several glial cell types, including astrocytes and microglia, in

response to damage to the central nervous system (Burda and Sofroniew, 2014; Pekny et al.,

2014). Activation of astrocytes, which play a critical role in synapse formation, control of

neurotransmission, and regulation of cerebral blood flow, accompanies most central nervous

system pathologies and has been associated with injury repair (Pekny et al., 2014). Up-

regulation of the astrocytic intermediate filament protein glial fibrillary acidic protein

(GFAP) is a hallmark of astrocytic activation (Pekny et al., 2014) and has been reported in

models of hydrocephalus (Catalao et al., 2014; Di Curzio et al., 2013; Olopade et al., 2012;

Xu et al., 2012a; Xu et al., 2012b). Analysis of GFAP shows only a low level of staining in

WT mice (Fig. 4 A, D, G, J). However, nm1054 and bgh mutants on the B6 background

(Fig. 4 B, C, H, I) demonstrate a notable increase in staining, indicating a rise in astrocytic

activation. GFAP expression in nm1054 mice maintained on the 129 background is almost

indistinguishable from the WT controls with a low level of staining present throughout and a

slight enrichment of signal in the white matter tracts (Fig. 4 E, K). An increase in GFAP

staining was observed in bgh mutants on the 129 background (Fig. 4 F, L), although the

level of staining was variable in this population.

Microglia are macrophages that populate the central nervous system and play an important

role in the neuroinflammatory response (Lyman et al., 2014). In the presence of cytokines

and other signaling molecules released in response to acute inflammation, microglia

transform from their inactive, ramified state to an active, phagocytic one (Lyman et al.,

2014), and microglial activation has been shown to accompany the brain tissue damage

associated with hydrocephalus (Di Curzio et al., 2013; Olopade et al., 2012; Xu et al.,

2012a; Xu et al., 2012b). Staining for Iba1, a marker of all microglia (Ito et al., 1998), shows

an increase in microglial cells in nm1054 and bgh brains on the B6 background compared to

WT (Fig. 4 M-O). In contrast, staining is lower in both mutants on the 129 background and

is generally comparable to WT mice (Fig. 4 P-R). CD68 staining, which is indicative of

activated microglia (Billiards et al., 2006), shows a similar increase in nm1054 and bgh

mutants on the B6 background (Fig. 4 S-U), whereas staining in the 129 mutants is generally

similar to WT (Fig. 4 V-X). These findings indicate an increase in microglial presence and
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activation in mutants on the B6 background that is indicative of a neuroinflammatory

response in these brains.

3.3. nm1054 and bgh mutants have strain-dependent morphological changes in
oligodendrocytes and neurons

Neural axons are wrapped in myelin, a sheath produced by oligodendrocytes that acts as an

electrical insulator and greatly increases action potential speeds (Nave, 2010; Simons and

Trotter, 2007). Myelin basic protein (MBP), a protein generally associated with the

formation of myelin in oligodendrocytes, is elevated in the CSF of hydrocephalic patients

(Beems et al., 2003; Longatti et al., 1993; Longatti et al., 1994; Naureen et al., 2013).

Additionally, defects in myelination have been shown to result from hydrocephalus (Di

Curzio et al., 2013; Goto et al., 2008; Hanlo et al., 1997). To examine whether myelination

by oligodendrocytes is disrupted in the white matter of nm1054 and bgh mutant mice, MBP

expression was analyzed. In WT mice on both strains, staining is robust and highly

organized (Fig. 5 A, D, G, J). The external capsule possesses a highly ordered structure, and

axons clearly radiate from the fiber tracts into the cortex. In contrast, in both mutants on the

B6 background, the white matter is disordered, and the radiating axons are absent (Fig. 5 B,

C, H, I). On the 129 background, MBP staining in nm1054 mutants is organized and similar

to WT (Fig. 5 E, K), but the staining pattern is disorganized and more variable in the bgh

mutants (Fig. 5 F, L). In addition, the corpus callosum is intact, but there is thinning and

disorganization in both mutants on the B6 background compared to WT (Fig. 5 M-O).

Neuronal death has been reported in hydrocephalic patients and animal models (Castejon,

2010). Microtubule-associated protein 2 (MAP2) is a microtubule-binding protein expressed

in the apical dendrites of cortical neurons (De Camilli et al., 1984). Recent evidence

suggests that compression of the cortex decreases dendritic expression of MAP2 and drives

expression back into the neuronal soma (Furutani and Kibayashi, 2012). Therefore, MAP2

staining was analyzed to investigate neuronal morphology in nm1054 and bgh brains.

Immunohistochemical staining for MAP2 in the WT cortex shows a visible pattern of fibers

that radiate from the corpus callosum out to the surface of the brain (Fig. 6 A, D). In

contrast, in both nm1054 and bgh mutants on the B6 background, this pattern of radiating

fibers is replaced by a more punctate staining of the cell soma (Fig. 6 B, C). This finding

indicates that neuronal organization is altered in the mutant brains, likely due to cortical

compression. MAP2 staining in nm1054 brains from the 129 background is organized and

similar to WT (Fig. 6 E). The pattern observed in bgh mutants on the 129 background is a

variable combination of normal fibrous staining and disorganized punctate staining (Fig. 6

F). When combined, the histopathological and immunohistochemical data demonstrate

substantial damage to nm1054 and bgh brains on the B6 background compared to a mild

(nm1054) or variable (bgh) morphological phenotype on the 129 background.

3.4. nm1054 and bgh mutants exhibit decreased cilia function and CSF flow independent
of genetic background

Based on the respiratory ciliary defect observed in both nm1054 and bgh mice (Lee et al.,

2008; Sironen et al., 2011), it is hypothesized that the hydrocephalus and associated

morphological abnormalities are due to dysfunctional ependymal cilia. To assess ependymal
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ciliary function in both mutants, cilia-driven flow was examined ex vivo. The lateral wall of

the lateral ventricle was exposed by dissection, a small amount of ink was deposited onto the

ependyma, and the stream of cilia-driven ink flow was observed over the course of two

seconds. In WT mice, ink flowed in a reproducible stream over the rostral portion of the

ependyma in a ventral direction (Fig. 7 A, B, G, H), which is consistent with a previous

report (Sawamoto et al., 2006). Despite the presence of gross hydrocephalus and more

severe morphological defects on the B6 background, flow of ink over mutant ependyma was

visibly perturbed on both backgrounds (Fig. 7 C-F, I-L). Surprisingly, this defect was most

severe over bgh ependyma on the 129 background, where there was no observable stream in

the ventral direction (Fig. 7 K, L). Additionally, an abnormal flow pattern was observed

over bgh ependyma, where there was a sideways movement of ink across the surface of the

ventricle, compared to the defined stream that runs in the ventral direction along the rostral

edge of WT ependyma (Fig. 7 M, N). This abnormal flow pattern was observed in all bgh

mutants regardless of genetic background, suggesting that there is a defect in the

coordination of ependymal ciliary beating in these mice.

Cilia-driven flow rates were calculated from the micrometer distance the ink traveled in the

proper ventral direction over the course of two seconds (Fig. 7 O). Ink moved over WT

ependyma at average rates of 193.75 and 160.25 μm/sec on the B6 and 129 backgrounds,

respectively. On the B6 background, a significantly decreased flow rate of 75.40 μm/sec was

observed over bgh ependyma, and a downward trend to 146.73 μm/sec was observed for

nm1054 mutants. On the 129 background, there was a statistically significant decrease in

flow rate over nm1054 ependyma to 41.38 μm/sec. With a complete absence of a defined ink

stream in the ventral direction, the bgh mutants on the 129 background have a cilia-driven

flow rate of 0 μm/sec, although there is ink movement in a sideways direction. These data

demonstrate that the ependymal cilia-driven flow rate is decreased in nm1054 mutants by

approximately 24% on the B6 background and 74% on the 129 background. In bgh mutants,

the flow rate is decreased by approximately 61% on the B6 background, and proper

directional flow is entirely ablated on the 129 background. Unlike the morphological

phenotype, this physiological defect is neither mild nor variable for either mutant on the 129

background.

To confirm that the defect in cilia-driven flow rate ex vivo correlates with a defect in CSF

flow in vivo, one microliter of India ink was injected into the right lateral ventricle of live

mice and allowed to flow through the ventricular system before euthanizing the mice one

minute later. CSF flow was analyzed by assessing the presence of ink in coronal sections

throughout the ventricular system of injected brains. Ink was observed in the lateral

ventricle, aqueduct of Sylvius and fourth ventricle of all WT animals analyzed (Fig. 8 A-F).

All nm1054 and bgh mutants had ink in the lateral ventricles, but many mutants showed no

evidence of ink reaching the caudal end of the aqueduct or the fourth ventricle on either the

B6 or the 129 background (Fig. 8 G-R). The frequency of mutant mice with ink entering the

rostral end of the aqueduct is decreased compared to those retaining ink in the lateral

ventricles (Fig. 9 A, B). The frequency of mutants with ink reaching the caudal end of the

aqueduct is further reduced (Fig. 9 C), and most mutants had no ink in the fourth ventricle

(Fig. 9 D). Although there is variability on the 129 background, the ability of ink to flow
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through to the fourth ventricle is impaired in both mutants on both genetic backgrounds.

Taken together, the in vivo and ex vivo flow data suggest that CSF flow is impaired on both

genetic backgrounds due to ependymal ciliary dysfunction that results from loss of either

Pcdp1 or Spef2. Given that the gross hydrocephalus and morphological defects are generally

more severe on the B6 background than 129, it is likely that abnormal cilia-driven CSF flow

is not the only factor contributing to the severity of hydrocephalus in the nm1054 and bgh

models.

4. Discussion

Analysis of brains from nm1054 and bgh mice has revealed a variety of defects in these two

models of PCD, including ventricular dilatation, ependymal sloughing, increased gliosis,

abnormal myelination by oligodendrocytes, and structural changes in cortical neurons. The

tissue damage is likely due to intraventricular pressure exerted by CSF accumulating in the

lateral ventricles. The severity of these phenotypes correlates with the severity of gross

hydrocephalus and is generally greater on the B6 background. However, physiological

analyses of ependymal ciliary function and CSF flow demonstrate a functional defect in

nm1054 and bgh mice on both the B6 and the 129 background that does not correlate with

severity of gross hydrocephalus or the morphological abnormalities. These findings suggest

that, although defects in ependymal cilia play a role in the development of congenital

hydrocephalus, abnormal cilia-driven CSF flow is not the sole determinant of the

hydrocephalus in these models. It is therefore likely that genetic modifiers influence the

severity of CSF accumulation, ventricular dilatation, and subsequent morphological damage

and play a role in neural development and function that is independent of ependymal cilia

mechanics.

Analysis of nm1054 and bgh brains uncovered notable variability between these models.

The morphological defects in bgh mice are consistently severe on the B6 background, while

the severity is variable on the 129 background. Similar variability was not observed in

nm1054 mice, in which the damage was uniformly more severe on the B6 background than

on the 129 background, where nm1054 brains generally resemble those from WT animals. In

addition, we observed an altered directional flow of ink over exposed bgh ependyma ex vivo

that was not observed for nm1054 mice. The phenotypic differences between these models

could be due to a combination of genetic contribution from the background strains and

differences in the function of the Pcdp1 and Spef2 proteins. The severity of the bgh

phenotype is consistent with a previously published analysis of Streptococcus pneunomiae

challenge in the respiratory system that showed a more severe inflammatory response in bgh

mutants than nm1054 mutants (McKenzie et al., 2013). Although ciliary beat frequency is

decreased by a comparable amount in both models (Lee et al., 2008; Sironen et al., 2011), it

is possible that bgh respiratory cilia beat with an altered waveform, which would be

consistent with the aberrant direction of ink flow over bgh ependyma in this study.

Analysis of CSF flow in vivo showed variability in the ability of ink to travel through the

ventricular system in both mutants on the 129 background. This could be due to variability

in exposure of cilia to the injected ink within the ventricular space, the presence or absence

of ependymal cells, or the size of the ventricles into which a fixed volume of ink was
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injected. However, the quantitative analysis of ink flow over exposed ependyma ex vivo

confirms that nm1054 and bgh mutants have a defect in cilia-driven flow. In this assay, ink

was only deposited onto ventricular walls with intact ependyma to ensure proper contact

with cilia. This analysis not only showed that flow is impaired in both mutants due to

dysfunctional cilia, but it also demonstrated a dramatic and statistically significant decrease

in flow rate on the 129 background.

The discovery that the nm1054 and bgh hydrocephalus is more severe on the B6 background

than 129 is consistent with other PCD models that also display a strain-dependent

hydrocephalus severity (Lee, 2013). Mice with mutations in Dpcd/DNA polλ and Stk36 both

display severe gross hydrocephalus when maintained on the B6 background but only

moderate hydrocephalus on a mixed B6/129 background (Kobayashi et al., 2002; Merchant

et al., 2005; Vogel et al., 2010; Vogel et al., 2012). Similar findings were reported for mice

with mutations in adenylate kinase 7 (Ak7), which have a more severe hydrocephalus when

maintained on the FVB/N background than a mixed B6/129 background (Fernandez-

Gonzalez et al., 2009; Vogel et al., 2012). A number of other PCD models that have only

been analyzed on a single background also support this phenotypic pattern by generally

displaying notable hydrocephalus on the B6 background and mild or no hydrocephalus on

the 129 background (Lee, 2013).

As strain-dependent severity is present in additional mouse models of hydrocephalus, this

phenomenon is not specific to PCD. For example, deletion of the sixth Ig domain of the L1

cell adhesion molecule (L1CAM) on the 129 background resulted in lateral ventricles of a

normal size, but backcrossing the mutation onto the B6 background resulted in progressively

more severe hydrocephalus and, eventually, embryonic lethality (Itoh et al., 2004). Prior

studies examining mice lacking fyn, a member of the src family of tyrosine kinases, did not

report ventricular dilatation (Grant et al., 1992; Yagi et al., 1994), but backcrossing the

mutation onto the B6 background resulted in notable hydrocephalus and premature death

(Goto et al., 2008). The Naglu mouse, a model of the autosomal recessive lysosomal storage

disorder mucopolysaccharidosis type III B, has a mutation in the gene encoding α-N-

acetylglucosaminidase (Gografe et al., 2003). Phenotypic analysis of the Naglu mouse

uncovered strain-dependent hydrocephalus that is more severe on the B6 background than

on a mixed B6/129 background. In addition, the fierce mouse, which lacks the gene

encoding the nuclear receptor Nr2e1, was analyzed on three different backgrounds: B6,

129P3/JEms, and B6129F1 (Young et al., 2002). Several developmental abnormalities were

observed on all three backgrounds, but hydrocephalus was unique to the B6 animals. The

strain-dependent nature of the hydrocephalus associated with these mouse models suggests

that susceptibility to severe congenital hydrocephalus is generally influenced by genetic

modifiers and supports the idea that the modifiers of the nm1054 and bgh hydrocephalus do

not play a direct role in ependymal ciliary function. Future studies are required to fully

understand the role and identity of these modifiers and their impact on development of

congenital hydrocephalus.
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129 129S6/SvEvTac

B6 C57BL/6J

Ak7 adenylate kinase 7

bgh big giant head

CCDC88C coiled coil domain containing 88C

Cfap221 ciliary and flagellar associated protein 221

Cpc1 central pair complex 1

CSF cerebrospinal fluid

Dpcd deleted in primary ciliary dyskinesia

GFAP glial fibrillary acidic protein

H&E hematoxylin and eosin

Iba1 ionized calcium binding adapter molecule 1

L1CAM L1 cell adhesion molecule

MAP2 microtubule-associated protein 2

MBP myelin basic protein

MPDZ multiple PDZ domain protein

nm1054 the 1054th new mutation described at the Jackson Labs

PCD primary ciliary dyskinesia

Pcdp1 primary ciliary dyskinesia protein 1

Spef2 sperm flagellar protein 2

Stk36 serine/threonine kinase 36

WT wild type
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Highlights

• Mice lacking Pcdp1 and Spef2 have hydrocephalus with damage to multiple cell

types

• Morphological defects are more severe on the C57BL/6J background than 29S6/

SvEvTac

• Mutants have a defect in cilia-driven cerebrospinal fluid flow on both strains

• Genetic modifiers likely influence the severity of hydrocephalus in these models
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Figure 1. Morphological defects in nm1054 and bgh lateral ventricles
(A-F) H&E staining of coronal sections through the lateral ventricles (LV) of WT (A, D),

nm1054 (B, E), and bgh (C, F) brains on the B6 (A-C) and 129 (D-F) backgrounds.

Ventricular dilatation, sloughing of the ependyma (arrowheads), and physical damage to the

white matter (WM) and cortex (Ctx) are observed in both mutants and are generally more

severe on the B6 background. (G-R) Acetylated tubulin staining of coronal sections through

the lateral ventricles of WT (G, J, M, P), nm1054 (H, K, N, Q), and bgh (I, L, O, R) mice

maintained on the B6 (G-I, M-O) and 129 (J-L, P-R) backgrounds demonstrates sloughing

of ependymal cells and damage to the cilia in both mutants, which are generally more severe

on the B6 background. Closed arrowheads indicate the presence of cilia; open arrowheads

indicate loss of cilia. Representative images are shown. Scale bars represent 1 mm (A-F),

100 μm (G-L), and 25μm (M-R).
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Figure 2. Morphological defects in the nm1054 and bgh third ventricle
(A-F) H&E staining of coronal sections through the third ventricle (3V) of WT (A, D),

nm1054 (B, E), and bgh (C, F) brains on the B6 (A-C) and 129 (D-F) backgrounds.

Ventricular dilatation is present in both mutants on the B6 background, as well as bgh

animals on the 129 background, with no evidence of ependymal sloughing or tissue damage.

(G-L) Acetylated tubulin staining of coronal sections through the third ventricle of WT (G,

J), nm1054 (H, K), and bgh (I, L) mice on the B6 (G-I) and 129 (J-L) backgrounds

demonstrates that the ciliated ependymal cells are intact and undamaged. Cilia are indicated

by arrowheads. Representative images are shown. Scale bars represent 250 μm (A-F) and 50

μm (G-L).
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Figure 3. Morphological defects in the nm1054 and bgh aqueduct and fourth ventricle
(A-F) H&E staining of coronal sections through the aqueduct of Sylvius (Aq) of WT (A, D),

nm1054 (B, E), and bgh (C, F) brains on the B6 (A-C) and 129 (D-F) backgrounds

indicating no dilatation, ependymal sloughing, tissue damage, or constriction. (G-L)

Acetylated tubulin staining of coronal sections through the aqueduct of WT (G, J), nm1054

(H, K), and bgh (I, L) mice on the B6 (G-I) and 129 (J-L) backgrounds demonstrates that

ciliated ependymal cells are intact and undamaged. (M-R) H&E staining of coronal sections

through the fourth ventricle (4V) of WT (M, P), nm1054 (N, Q), and bgh (O, R) brains on

the B6 (M-O) and 129 (P-R) backgrounds indicating no dilatation, ependymal sloughing, or

tissue damage. (S-X) Acetylated tubulin staining of coronal sections through the fourth

ventricle of WT (S, V), nm1054 (T, W), and bgh (U, X) mice on the B6 (S-U) and 129 (V-

X) backgrounds demonstrates that ciliated ependymal cells are intact and undamaged. Cilia

are indicated by arrowheads. Representative images are shown. Scale bars represent 100 μm

(A-F, S-X), 25 μm (G-L), and 250 μm (M-R).
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Figure 4. Increased gliosis in nm1054 and bgh mutants
Staining for glial cell markers on coronal sections through the cerebral cortex (Ctx) and

white matter (WM) dorsal to the lateral ventricles (LV). (A-L) GFAP staining for astrocytes

in WT (A, D, G, J), nm1054 (B, E, H, K), and bgh (C, F, I, L) brains on the B6 (A-C, G-I)

and 129 (D-F, J-L) backgrounds. (M-R) Iba1 staining for microglia in WT (M, P), nm1054

(N, Q), and bgh (O, R) brains on the B6 (M-O) and 129 (P-R) backgrounds. (S-X) CD68

staining for activated microglia in WT (S, V), nm1054 (T, W), and bgh (U, X) mice on the

B6 (S-U) and 129 (V-X) backgrounds. There is a notable increase in all glial cell

populations in both mutants on the B6 background. Stained cells are indicated by

arrowheads. Representative images are shown. Scale bars represent 500 μm (A-F), 200 μm

(G-L), and 250 μm (M-X).
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Figure 5. Disorganization of oligodendrocytes in nm1054 and bgh mutants
Staining for oligodendrocyte marker MBP on coronal sections through the lateral ventricles.

(A-F) Low magnification images of WT (A, D), nm1054 (B, E), and bgh (C, F) brains on the

B6 (A-C) and 129 (D-F) backgrounds. White boxes in A-F indicate the approximate location

of the high magnification images in G-L. (G-L) High magnification images of the cerebral

cortex dorsal to the lateral ventricles of WT (G, J), nm1054 (H, K), and bgh (I, L) brains on

the B6 (G-I) and 129 (J-L) backgrounds. WT brains have organized fiber tracts and a

distinct external capsule (EC) with axons (closed arrowhead) radiating from the fiber tracts

into the cortex, whereas both mutants have a disorganized external capsule and an absence

of radiating axons (open arrowhead) that are generally more severe on the B6 background.

(M-O) High magnification images of the corpus callosum (CC) at the midline in WT (M),

nm1054 (N), and bgh (O) brains on the B6 background show thinning and disorganization in

both mutants. Representative images are shown. Scale bars represent 1 mm (A-F) and 200

μm (G-O).
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Figure 6. Aberrant morphology of cortical neurons in nm1054 and bgh mutants
Staining for cortical neuron marker MAP2 on coronal sections through the cerebral cortex

dorsal to the lateral ventricles of WT (A, D), nm1054 (B, E), and bgh (C, F) mice on the B6

(A-C) and 129 (D-F) backgrounds. WT brains show a pattern of fibers radiating from the

fiber tract (closed arrowhead), while the mutants show a more punctate staining of the cell

soma (open arrowhead) that is generally more pronounced on the B6 background.

Representative images are shown. Scale bars represent 200 μm.
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Figure 7. Ependymal cilia function is impaired in nm1054 and bgh mutants
(A-L) Flow of ink was observed ex vivo on exposed ependyma from WT (A, B, G, H),

nm1054 (C, D, I, J), and bgh (E, F, K, L) mice on the B6 (A-F) and 129 (G-L) backgrounds.

Images represent time 0 (A, C, E, G, I, K) and 2 seconds (B, D, F, H, J, L). Closed

arrowheads denote the starting point of the ink stream, and open arrowheads indicate the

position of the ink after two seconds. There was no observable cilia-driven ink movement in

bgh mutants on the 129 background in the proper ventral direction (K, L), where only ink

diffusion was observed. Representative images are shown. Scale bars represent 250 μm. (M,

N) Aberrant directional flow over ependyma from bgh mutants (N) compared to WT (M).

The brains shown in M and N are from B6 mice, although the bgh mutants displayed

aberrant flow regardless of genetic background. Representative images are shown. Scale

bars represent 500 μm. (O) Analysis of ink flow rate (microns/second) over exposed

ependyma from WT, nm1054, and bgh lateral ventricles ex vivo indicates that cilia-driven

flow is impaired in both mutants on both the B6 and the 129 backgrounds. Due to an

absence of proper directional flow, the bgh flow rate on the 129 background is zero. Error
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bars indicate standard error of the mean. Significance compared to WT was determined by

two-tailed t test (* p<0.005, ** p<0.0005, *** p<0.00005).
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Figure 8. In vivo CSF flow is impaired in nm1054 and bgh mutants
Coronal sections through the lateral ventricles (A, D, G, J, M, P), aqueduct of Sylvius (B, E,

H, K, N, Q), and fourth ventricle (C, F, I, L, O, R) of WT (A-F), nm1054 (G-L), and bgh

(M-R) mice on the B6 (A-C, G-I, M-O) and 129 (D-F, J-L, P-R) backgrounds after injection

of India ink into the lateral ventricles. Sections were stained with cresyl violet. Arrowheads

indicate the presence of ink throughout the ventricular system of WT brains and in the

rostral regions of mutant brains on both backgrounds. Representative images are shown.

Scale bars represent 1 mm (lateral ventricle) and 125 μm (aqueduct of Sylvius and fourth

ventricle).
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Figure 9. Frequency of ink in the ventricular systems of nm1054 and bgh mutants after injection
Percentage of WT, nm1054, and bgh mice with India ink in the lateral ventricles (A), the

rostral region of the aqueduct of Sylvius (B), the caudal region of the aqueduct of Sylvius

(C), and the fourth ventricle (D) after injection into the lateral ventricles. The presence of

ink decreases in both mutants in the caudal regions of the ventricular system, with a majority

of mutants on both genetic backgrounds showing an absence of ink in the fourth ventricle.
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