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LIST OF ABBREVIATIONS 

[Cl−]     Chloride ion concentration 

[HCO3
−]    Bicarbonate ion concentration 

[K+]     Potassium ion concentration 

[Na+]     Sodium ion concentration 

ADPKD   Autosomal dominant polycystic kidney disease 

AE2     Anion Exchanger-2 

AQP1     Aquaporin-1 water channel 

ARPKD   Autosomal recessive polycystic kidney disease 

cAMP    Cyclic adenosine monophosphate  

CA II     Carbonic Anhydrase type II 

CAXII    Carbonic Anhydrase type XII 

CFTR    Cystic fibrosis transmembrane conductance regulator 

ClC-2     Chloride-ion channel-2 

Cl−     Chloride ion 

CNS     Central nervous system 

CP     Choroid plexus 

CSF     Cerebrospinal fluid 

DIDS    4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid 

ENaC    Epithelial sodium channel 

H+    Hydrogen ion/proton 

HCO3
−    Bicarbonate ion 

IFT     Intraflagellar transport 

KAP    Kinesin superfamily-associated protein 

KCC3     Potassium/Chloride cotransporter-3 

KCC4     Potassium/Chloride cotransporter-4 

KIF3A    Kinesin-like protein 3A 

KIF3B    Kinesin-like protein 3B 

Kir7.1    Inwardly rectifying K+ channel  

Kv1.1     Delayed-rectifying K+ channel 

Kv1.3    Delayed-rectifying K+ channel 

Na+     Sodium ion 
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Na+/K+-ATPase   Sodium/ Potassium ATPase pump 

NaCl    Sodium Chloride 

NaHCO3   Sodium bicarbonate 

NBCe2   Electrogenic Sodium-Bicarbonate cotransporter-2 

NBCn1    Electroneutral Sodium-Bicarbonate cotransporter-1 

NCBe     Electrogenic Sodium-Bicarbonate cotransporter 

NHE1     Sodium/ hydrogen ion exchanger-1 

NHE3     Sodium/ hydrogen ion exchanger-3 

NHE8     Sodium/ hydrogen ion exchanger-8 

NKCC1    Sodium/ Potassium/Chloride cotransporter-1 

NKCC2    Sodium/ Potassium/Chloride cotransporter-2 

pHi     Intracellular pH 

PKA     Protein kinase A  

V2R    Vasopressin 2 receptor 
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INTRODUCTION 

Hydrocephalus 

Hydrocephalus is a progressive pathological condition characterized by an 

excessive accumulation of cerebrospinal fluid (CSF) in the brain ventricles.  It can be 

caused by impaired CSF flow, excess CSF production, or lack of CSF reabsorption and 

is one of the most common anomalies of the central nervous system affecting up to 1 in 

1,000 children.  Hydrocephalus is classified as either communicative or obstructive 

depending whether CSF flow is blocked along the ventricular system. Obstructive forms 

of hydrocephalus are the most common, although it remains a matter of controversy 

whether many of the obstructive forms arise from communicative forms as a 

consequence of pathology associated with ventricular expansion (11, 21).  

The treatment strategies for hydrocephalus currently in use were established in the 

middle of the last century and involve surgical insertion of a ventricular shunt to 

facilitate drainage of excess CSF.  However, shunt infections or malfunctions frequently 

necessitate surgical revision. The failure rate of these shunts can be as high as 40% a 

year after insertion and 50% at two years and thus this treatment strategy represents a 

lifetime commitment for the child and family, that involves significant morbidity and 

mortality. Despite the high prevalence of hydrocephalus in children, in most cases the 

molecular mechanism(s) leading to the pathology has remained elusive (11, 21).  Thus, 

in order to develop alternative treatment strategies, a better understanding of the causes 

of this disease is desperately needed.  

The mammalian ventricular system 

The brain ventricles are a series of interconnected cavities within the central nervous 

system that contain the cerebrospinal fluid.  In adults, the ventricles are lined by “leaky” 

epithelia called ependymal cells that possess large amounts of motile cilia on their 

apical surface (Figure 1).  The beating of these cilia is thought to facilitate movement of 

CSF through the ventricles and several models of hydrocephalus have been associated 

with defects in the motion or formation of these cilia (28). 

 The ependymal cells lining the ventricles are continuous with the epithelia of the 

choroid plexus, a leaf-like structure extending into the ventricle lumen.  Unlike the 
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ependyma, the choroid plexus epithelia have extensive tight junctions that prevent free 

paracellular movement between the blood and CSF (see details below). (18, 60).  

 

 

 

Structure of the choroid plexus  

The mammalian choroid plexus tissue forms characteristic sheet-like structures in the 

left and right lateral ventricles, and branched, villi-like structures in the 3rd and 4th 

ventricles of the brain. Both types of structures consist of a single continuous layer of 

epithelial cells residing on a core of sparse connective tissue, which carries blood 

vessels of different caliber from small arteries through capillaries to small veins. The 

surface cells are of similar origin as the ependymal cells lining the remaining ventricular 

surface(48, 61).  

Electron microscopic analyses have revealed that the cuboidal to cylindrical epithelial 

cells of the choroid plexus display highly differentiated cell surfaces (Figure 2). The 

ventricular or luminal surface is characterized by numerous microvilli, while the basal 

surface appears remarkably smooth, whereas the lateral surface is convoluted, with 

interdigitations between the basal parts of adjacent cells. These structures represent a 

substantial increase of the surface area like the microvilli, which increase the luminal 

surface by 10-fold, approximately. Both surface area enlargements are thought to be 

important for the transport capability of the epithelium (48).  

Figure 1. Scanning 
electronmicroscopic image of the 
ependyma isolated from the 4th 
ventricle of a healthy, young 
adult mouse. The ependymal 
lining possesses abundant long 
motile cilia that assure fast CSF 
flow through the ventricles by 
synchronized beating. 
(4000 X magnification) 
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Production and Functions of the Cerebrospinal Fluid  

Cerebrospinal fluid (CSF) has several essential functions in the central nervous 

system.  It provides buoyancy and physical support for the brain, buffering changes in 

intracranial blood volume or pressure.  The CSF acts as a specialized extracellular 

environment that mediates removal of metabolic by-products and facilitates transport of 

nutrients and hormones throughout the brain and it is needed for signaling during 

Figure 2. Scanning electronmicrographs of the choroid plexus from a healthy young 
adult mouse. A: shows cross-section of the lateral ventricle, yellow arrow points to 
the choroid plexus. (60 X magnification) B: higher magnification of the region seen 
on panel A with a leaf-like choroid plexus. (450 X magnification) C: closer look of 
the choroid plexus tissue surface, arrow points to the tuft of cilia. (1500 X 
magnification) D: choroid plexus cells demonstrate villus-like structures to increase 
cell surface. Arrow points to the group of cilia. (4000 X magnification) 
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development.  Thus, regulating the production and composition of CSF is essential for 

normal neuronal function. 

 The composition of CSF is very similar to that of plasma with the exception being 

that CSF has reduced amounts of protein; however, CSF is not simply an ultra-filtrate of 

the plasma but rather a regulated secretory product generated largely by the choroid 

plexus epithelia. The CSF is slightly hypertonic compared to plasma and the [Na+] and 

[HCO3
−] are slightly higher than expected at equilibrium, while [K+] and [Cl−] are lower 

in the CSF. Also, there is a modest positive electrical potential difference across the 

epithelium, i.e. up to 5 mV lumen positive (2, 48, 60).  

The ionic composition of nascent CSF consists mainly of NaCl and NaHCO3, and 

the production rate is strictly coupled to the rate of Na+ secretion. In contrast to other 

secreting epithelia, Na+ is actively pumped across the choroid plexus luminal membrane 

by the Na+/K+ATPase with possible contributions by other Na+ transporters, e.g. the 

luminal Na+/K+/2Cl− cotransporter. The Cl− and HCO3
− ions are likely transported by a 

luminal cAMP-activated inward rectified anion conductance. The task of basolateral 

transport processes is to translocate Na+, Cl− and HCO3
− across the plasma membrane 

with virtually the same proportion of the major ions as in the nascent CSF. Water 

molecules are driven by osmotic gradient across the epithelium, mainly through water 

channels. Thus, as in most other epithelia, fluid secretion in choroid plexus is dependent 

on the unidirectional transport of ions. This occurs through the polarized distribution of 

ion transport proteins in either the luminal or basolateral membranes (10, 48).  Figure 3 

summarizes the mechanism of CSF production and localization of the most important 

transporters at the current level of understanding.  
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Figure 3. Schematic representation of the ion and water transporters/channels in 
the choroid plexus epithelium. Na+/K+-ATPase and the Na+/K+/2Cl− 
cotransporter (NKCC1) are strictly luminal plasma membrane transport 
proteins. K CH represents all apical K+ channels. ClC-2 corresponds to the 
anion conductance of the cAMP-sensitive ClC-2 like channel. The electrogenic 
NBCe2, a Na+/HCO3

− cotransporter is also found at the luminal membrane. 
AQP1, aquaporin1 water-channel, is expressed mostly on the luminal 
membrane, and the carbonic anhydrase, CA II is found in the cytosolic 
compartment. Three HCO3

− transporters are localized to the basolateral 
membrane along with a Na+/H+ exchanger: the base extruder AE2 and the two 
Na+-base loaders, NBCn1 and NCBe. *Note: only the most important transport 
proteins are shown on the figure. 
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A. Apical  transport events 

Na+/K+ATPase. This ouabain-sensitive transporter located on the luminal plasma 

membrane is considered to be responsible for the majority of transepithelial Na+ flux. 

The Na+/K+-ATPase mediates the secretion of 3 Na+ into the CSF and reabsorption of 2 

K+ from the CSF against their concentration gradients (48).   

Na+/K+/2Cl− cotransporter. The furosemide-sensitive Na+/K+/2Cl− cotransporter may 

also contribute to Na+ secretion to the CSF. The molecular identity of this luminal 

transport in the choroid plexus was shown to be NKCC1. In other epithelia this 

transporter is localized to the basolateral surface and only the related protein, NKCC2, 

of the renal thick ascending limbs is expressed luminally. In any case, Na+ and K+ are 

cotransported with 2 Cl− ions into cells, as the collective inward Na+ and Cl− gradients 

by far exceed the outward K+ gradient, given typical ionic gradients. However, the 

NKCC1 in the choroid plexus has been reported to transport in both an inward and 

outward directions.  A remarkably high intracellular [Na+] (and [Cl−]) and a relatively 

low [K+] concentration in CSF actually point towards a net outward transport by 

NKCC1 in the choroid plexus. In addition to NKCC1, a furosemide-sensitive apical K+ 

and Cl−-dependent KCC4 has been proposed in CSF secretion by recycling K+ to the 

lumen, thereby supporting ongoing Na+/K+-ATPase activity, simultaneously with 

mediating Cl− secretion (45, 48).  

Cl− and HCO3
− channels. DIDS is a relatively unspecific blocker of many Cl− channels 

and Cl−/HCO3
− transporters. As in other epithelia, Cl− and HCO3

 – seem to be secreted 

mainly by luminal electrogenic processes. Two major anion conductances, both inward 

rectifiers, have been found on the choroid plexus epithelia. One is a volume-sensitive 

anion conductance, while the other is a protein kinase A (PKA)-activated anion 

conductance with a high permeability to both Cl− and HCO3
−. Based on previous 

publications neither CFTR nor ClC-2 channels are expressed on mammalian CP 

epithelia, though a cAMP-regulated ClC-2-like anion channel (based on published 

patch-clamp studies) is thought to be responsible for the majority of luminal secretion of 

Cl− and HCO3
– (10, 48).  

K+ channels. The luminal K+ conductance in mammalian choroid plexus is driven by 

Kir7.1, an inwardly rectifying K+ channel and two delayed-rectifying K+ channels, 
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Kv1.1 and Kv1.3, all confined to the apical surface. The K+ channels are thought to set 

the membrane potential of the epithelial cells and to sustain the Na+/K+-ATPase by 

providing an efflux pathway for K+ (in addition to NKCC1 and KCC4) (10, 48).  

 

B. Basolateral transport events 

Na+/H+ exchange. Amiloride-sensitive NHE1 has been suggested to work on the 

basolateral surface of the CP epithelia. In the current model of CSF formation, the NHE 

would be capable of ridding the cell of protons formed by the hydration of CO2 and 

subsequent dissociation of carbonic acid to HCO3
− and H+, and in the same process 

provide the Na+ necessary to sustain CSF secretion. Surprisingly, amiloride has little 

effect on Na+-dependent pH recovery in the choroid plexus in the presence of 

CO2/HCO3
− in vitro. This suggests that the Na+/H+exchanger plays a minor role in 

maintaining the pHi under these conditions. The exact role of NHE1 along with the 

recently discovered NHE3 and NHE8 in CP epithelia remains to be clarified. 

Na+ channels. The molecular and functional expression of the epithelial Na+ channel, 

ENaC, was reported for the choroid plexus. The authors found the ENaC at the 

basolateral surface and suggested it to participate in Na+ loading mechanism. However, 

further analysis of this channel is required (48).  

HCO3
– transporters. The basolateral electroneutral Cl−/HCO3− exchanger AE2 is a 

DIDS-sensitive base extruder to maintain pHi in many cells, e.g. the distal renal tubules 

and collecting ducts. AE2 has been involved in HCO3
− reabsorption, which may in fact 

be its net effect in the choroid plexus. Thus, the protein is not likely to participate in the 

HCO3
− secretion, but may well support luminal Cl− secretion by loading this ion into the 

cells from the basolateral side. Other functions of AE2 may include cell-volume 

regulation working in concert with e.g. the NHE1 or simply protection of the cells 

against alkalinization (48).  

Two NaHCO3 transporters were demonstrated in the basolateral plasma membrane of 

CP epithelial cells, which could also represent basolateral Na+ uptake pathways. NCBe 

is an electroneutral DIDS-sensitive NaHCO3 importer that likely also extrudes Cl− with 

a proposed stoichiometry equivalent to the uptake of 1 Na+, and 2HCO3
− for the 

extrusion of 1Cl−. NCBe was currently suggested as a major Na+-entry route into the 
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cell. It is also proposed to be one of the major contributors for setting pHi. In contrast, 

the second electroneutral basolateral NaHCO3 transporter, NBCn1 is not likely to play a 

major role in the transepithelial movement of Na+, but might serve to correct 

intracellular acidosis in the CP epithelia (48).  

K+/Cl− cotransport. KCC3 has been identified in the CP epithelia. This mechanism, to 

date, represents the only known K+ efflux pathway from cells to blood.  

Carbonic anhydrases. Intracellular CAII and extracellular membrane bound CAXII are 

functionally and physically coupled to transporters of the SLC4a family (as AE2, and 

electrogenic NBC). They catalyze the conversion of CO2 and H2O into HCO3
− and H+ 

that are subsequently exchanged for Na+ and Cl− across the basolateral membrane, the 

net effect being accumulation of intracellular Na+ and Cl−.  

Water channels. Water transport across the epithelium is driven by the modest luminal 

hyperosmolarity. The small osmotic gradient and the high rate of water transport 

resemble that of the renal proximal tubules. The water channel AQP1 was found to be 

abundantly expressed apically and at moderate levels on the basolateral side (48).  

Regulation of CSF production. Regulatory factors of CSF production are 

hemodynamics, metabolism of nutrients and hormones. Among the most interesting 

discoveries are the detection of vasopressin-1 receptors and receptors for atrial 

natriuretic factor, angiotensin II, endothelin-1, serotonin, bradykinin and insulin. It is 

noteworthy that although many of the mediators are found in blood; the transport 

pathways of the choroid plexus seem relatively resistant to changes in these plasma 

levels (48). From the point of view of our work vasopressin-1 receptors have special 

interest which will be discussed later (see below). 

 CSF Circulation 

Most of the CSF is produced by the choroid plexi located in the lateral ventricles.  

From the lateral ventricles CSF flows through the foramina of Monro into the third 

ventricle, through the aqueduct of Sylvius into the fourth ventricle and through the 

foramina Lushka and Magendie to the cisterna magna where it moves dorsally into the 

subarachnoid spaces and is reabsorbed by the Pacchioni granulations. An imbalance in 

the rate of production and reabsorption or a disruption in the movement of the CSF, as 

occurs in aqueduct stenosis, results in pathologies such as hydrocephalus.  While many 
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investigators have considered duct stenosis as the initiating event in the disease, others 

have regarded duct obstruction as a secondary consequence of compression exerted by 

the expanding ventricles.     

Although the mechanisms driving CSF movement are largely unknown several factors 

are thought to be involved. This includes the hydrostatic gradient resulting from 

continued production of CSF, pulsation of the arterial tree, and the wave-like beating of 

cilia on the ependymal cells.  The importance of the cilia has been supported by the 

hydrocephalus that develops in patients with primary cilia dyskinesia as well as in the 

Mdnah5 mutant mice in which cilia beat is impaired (28). 

Models for hydrocephalus  

Much of our understanding of hydrocephalus has come from the analysis of animal 

models. H-Tx rats develop congenital hydrocephalus with varying degree of severity. 

The mechanism leading to the pathology in these animals remains controversial with 

some studies indicating the primary defect is caused by duct obstruction late in gestation 

while other studies indicate the hydrocephalus develops prior to impaired CSF flow (30, 

34). Mice lacking the E2F-5 transcription factor cause a form of communicating 

congenital hydrocephalus.  In these mice, the pathology has been attributed to increased 

secretory activity of the choroid plexus; however, the role of E2F-5 in CSF production 

remains unknown (36).  The hydrocephalus that develops in the L1 neural adhesion 

molecule deficient mice, which is mutated in human forms of X-linked hydrocephalus, 

is initially associated with a patent aqueduct; however, duct stenosis is evident in the 

mice with severe pathology (52). There are also several mouse models of hydrocephalus 

that have been attributed to ciliary dysfunction.  Disruption of the outer dynein arm 

protein Mdnah5 results in impaired cilia motility on ependymal cells.  The loss of CSF 

flow is thought to contribute to the closure of the aqueduct during early postnatal 

development and the development of hydrocephalus (28, 52).  An analogous mechanism 

may be involved in the pathology of Wic-Hyd rats that also have impaired cilia motility; 

however, the genetic defect in these mutants has not yet been determined (69).  In 

addition, mice lacking the cilia proteins Spag-6 or hydin, or the transcription factor Hfh-

4 that lack ependymal cell cilia, all exhibit severe forms of hydrocephalus (14, 16, 57).  

Finally, cilia function in the CSF ventricular system is also important in humans as 
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evidenced by the incidence of hydrocephalus in human patients with primary ciliary 

dyskinesia (12).  However, it should be noted the possible role of choroid plexus 

epithelial cilia dysfunction has not been evaluated in any of these models or in human 

patients.          

Mechanism of cilia formation and maintenance 

  The analysis of flagella from Chlamydomonas or cilia from the lung has revealed 

that this organelle is an extremely complex structure.  More than 500 peptides are 

involved in its formation, maintenance, and functions.  Furthermore, since cilia are 

devoid of ribosomes, the cell must transport the required proteins for assembly and 

sensory or signaling activity from their site of synthesis in the cytoplasm into the cilia 

where it is released and integrated into the axoneme.  This occurs through a process 

referred to as intraflagellar transport (IFT) that was first described in Chlamydomonas 

and subsequently found to be conserved in all ciliated eukaryotes.  According to this 

model, proteins involved in flagella formation concentrate near basal bodies, an 

apparent holding zone for IFT polypeptides, where they preassemble into large particles 

(IFT particle), and move up the forming flagella through the action of the heterotrimeric 

kinesin (kinesin-II complex – KIF3A, KIF3B, and KAP).  A dynein motor protein then 

mediates retrograde transport back to the basal body region. One of the proposed roles 

of the IFT particle is to transport cargo, such as receptors and channels as well as 

structural proteins, into the axoneme (Figure 4) (58). 
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Cilia dysfunction in disease and developmental abnormalities 

Cilia and flagella are common organelles present on the surface of nearly every cell 

in most mammalian tissues.  These microtubule-based projections play critical roles in 

processes ranging from fluid movement, cell motility and cell cycle regulation, to 

sensory perception that allows a cell or organism to interact efficiently with its 

environment.  For example, epithelia in the lungs and ependymal cells lining the brain 

ventricles use ciliary projections for movement of mucus and cerebral spinal fluid, 

respectively.  In addition to the motile cilia, there are numerous examples of immotile or 

primary cilia.  One of the main functions of immotile cilia appears to be sensory 

perception.  Primary cilia are present on olfactory neurons where they serve in 

chemoreception, on the rods and cones of the eyes for photoreception, and on renal 

epithelia where they act as mechano-transducers that respond to fluid flow through the 

tubules (47).   

Disruption of cilia function in a number of tissues has been associated with the 

development of severe disease pathologies.  In the pancreas, disruption of primary cilia 

on the islets and ducts results in defects in glucose responses, dilations of the ducts and 

acinar cell atrophy (13, 78).  Loss of primary cilia in the kidney leads to cystic lesion in 

Figure 4. Schematic 
structure and 
intraflagellar 
trafficking of a 
motile cilium.  IFT 
rafts are assembled at 
the base of  the 
cilium. Anterograde 
transport is mediated 
by kinesin II while 
retrograde transport 
is conducted by 
dynein. Inset shows 
electromicrograph of 
a cilium.  Arrow 
points to an IFT raft. 
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tubules with altered calcium and sodium transport (37). Cilia dysfunction in the eye 

causes retinitis pigmentosa (39).  In addition, as indicated in this dissertation, disruption 

of the cilia on the ependymal or choroid plexus cells in the brain results in 

hydrocephalus that we believe is due to both impaired CSF flow through the ventricles 

and to excess CSF production by the choroid plexus.  

Motile and immotile cilia also play important roles in developmental patterning.  

Mice lacking the cilia proteins Kif3A, Kif3B, polaris, or the left-right dynein exhibit 

random specification of the left-right body axis (63, 65).  In all of these mutants, the 

developmental abnormalities have been attributed to the loss or dysfunction of cilia on 

the ventral surface of the node, a gastrulation-stage organizing center.  These studies 

reveal that nodal cilia, despite being a single cilium per cell, generate as well as sense a 

leftward-directed flow across the node surface that is needed to specify the left and right 

sides of the embryo.  Finally, additional data from our group as well as others have 

uncovered an unexpected role for primary cilia in the sonic hedgehog signaling 

pathway. Data from our lab indicate that the Gli transcription factors that mediate the 

hedgehog signaling response localize to the tip of the cilia along with other proteins in 

the pathway and that in the absence of the cilium these factors are inefficiently 

processed to their activated or repressor forms.  

Tg737 and cilia assembly   

 Tg737 (now IFT88) encodes polaris, a highly conserved protein that was identified 

through a hypomorphic mutation in the Oak Ridge Polycystic Kidneys (Tg737orpk) 

mouse.  A role for Tg737 in ciliogenesis was substantiated by the ciliary defects 

observed in the Tg737orpk mutant mice.  In Tg737orpk mice the cilia are aberrantly 

formed on different types of cells (40, 66). 

Expression and localization studies along with the phenotypes seen in Tg737 mutation 

suggest that Tg737 function is required for cilia assembly. This was further supported 

by studies of the Tg737 homologs in C. elegans (osm-5), Drosophila (nompB), Danio 

rerio (ovl), and Chlamydomonas (IFT88) (9, 26, 43, 75, 76).  Functional data obtained 

from studies in these lower eukaryotes reveal that polaris is a highly conserved 

component of the intraflagellar transport (IFT) particle (54). 
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Mammalian Tg737 gene and pathology associated with the mutation in Tg737orpk 

mice 

The Oak Ridge Polycystic Kidney (Tg737orpk) mouse was described over a decade ago 

as a model for human recessive polycystic kidney disease. The Tg737orpk mouse arose 

through integration of a transgene into an intron of the Ift88 gene resulting in a 

hypomorphic allele (Ift88Tg737Rpw). The Ift88Tg737Rpw mutation through impaired 

intraflagellar transport (IFT) results in a large variety of pathology (40).  

The gross phenotype of the Tg737orpk mouse was originally described with a triad of 

scruffy fur, severe growth retardation, and preaxial polydactyly on all limbs (Figure 5). 

The Tg737orpk mouse is best known for its cystic renal phenotype, which resembles that 

of human autosomal recessive polycystic kidney disease. It was also the first 

mammalian model to establish a connection between cystic kidney disease and ciliary 

dysfunction (35). However, in addition to the cystic kidneys, histological analyses of the 

Tg737orpk mice revealed biliary duct hyperplasia in the liver, acinar atrophy and ductal 

hyperplasia in the pancreas, hydrocephalus, hair and skin abnormalities, and skeletal 

patterning defects that include formation of extra digits on the limb buds, 

supernumerary teeth, and cleft palate (Figure  6) (13, 35, 66, 78, 79).  

 

 

Figure 5. Tg737orpk mutant 
mouse (in the front) and its 
wild type littermate (in the 
back). The mutant mouse is 
severely growth retarded, 
shows scruffy fur, a steeper 
and larger forehead 
compared to body size 
suggestive of the presence 
of hydrocephalus. 
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OBJECTIVES 

Our central hypothesis is that cilia function is required for normal regulation of 

pathways governing CSF production and homeostasis. While cilia on the ependymal 

cells are motile and loss of motility has been associated with hydrocephalus, the 

function of cilia on the choroid plexus remains enigmatic.  Our primary focus in the 

present work is to explore connection between cilia dysfunction and the development of 

hydrocephalus in the Tg737orpk mutant mice.   

Objectives: 

Objective 1 To characterize the development of hydrocephalus in Tg737 mutant 

mice by analyzing the initiation and progression of the pathology using MRI 

imaging techniques and by assessing the effect of Tg737orpk mutation on CSF flow.  

Objective 2 To determine the effect of cilial dysfunction on epithelial cells of the 

choroid plexus with determining the composition of the CSF in cilia mutants and 

Figure 6. Summary of phenotypes characterized in the Oak Ridge Polycystic Kidney 
(Tg737orpk) mouse. The Tg737orpk (FVB/N) mouse (lower panel) has phenotypes in 
numerous tissues compared with wild-type controls (upper panel). A. Cystic lesions 
are seen in the kidney. B: Mutants develop hydrocephalus. C. The liver is 
characterized by bile duct hyperplasia. D: In the pancreas, ducts become dilated and 
acini atrophied E: Mutants also exhibit numerous skeletal defects including preaxial 
polydactyly (arrows). 

A     B       C        D         E 
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comparing the expression and localization of transport proteins involved in ion 

transport, water movement, and CSF production in mutant and wild type mice.  

Objective 3 To determine if choroid plexus cilia dysfunction results in altered ion 

transport and excess CSF production by analysis of ion transport properties in 

mutant choroid plexus. 

 

METHODS AND MATERIALS 

Reagents  

The dye 2',7'-bis (2-carboxyethyl)-5-(and-6) -carboxyfluorescein, acetoxymethyl ester 

(BCECF/AM), 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid, disodium salt (DIDS) 

and nigericin were purchased from Molecular Probes, Inc. (Carlsbad, CA). Dibutyryl-

cAMP and H-89 were purchased from Calbiochem (San Diego, CA). All other reagents 

were obtained from Sigma (Saint Louis, MO). 

Mice 

Tg737orpk mice were generated as described previously (40).  The lines were 

maintained as heterozygous crosses on the FVB/N genetic background.  Animals were 

treated and maintained in accordance with the IACUC regulations at the University of 

Alabama at Birmingham.  Genotyping was performed as described previously (76).  

Morphological and histological analysis  

Brains were fixed within the skull by opening the skull in the parietal region to 

allow formalin penetration into the tissue. 24-hour postfixation brains were removed 

and photographed. Fixed brains were then embedded into paraffin blocks and sectioned 

in coronal plane.  Sections were stained with hematoxylin and eosin and photographed.  

Magnetic resonance imaging (MRI)  

Tg737orpk mutant and wild-type littermates at postnatal day 1 and 6 were 

anesthetized using 1% isoflurane.  MRI was performed on a Bruker-Biospin 8.5T 

vertical wide-bore DRX-360 (UAB 8.5T Small Animal NMR Facility) with an 

AVANCE console, a Paravision 3.0.1 software platform, and a Mini0.5 imaging system 
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equipped with a 56 mm inner diameter gradient set (Billirica, MA).  Mice were 

positioned in a 20-mm birdcage resonator.  Images were coronal T2 weighted RARE (8 

echoes, rare factor 8) with the following parameters: TR 4.5 sec, effective TE 

60ms,  FOV 2.5 cm, 256 x 256 matrix, slice thickness 0.45 mm, in plane resolution 98 

µm, 4 averages.  The body temperature was maintained at 37°C.  T2 RARE imaging 

allows detection of the fluid compartments without requiring the use of contrasting 

agents.  Relative ventricular volume was calculated based on the intensity difference 

using ImageJ software (NIH, Bethesda).  

Immunofluorescence microscopy  

 Mouse brains were isolated from wild-type and Tg737orpk animals and processed 

for immunofluorescence microscopy as described previously (66).  Primary antibody 

dilutions were used as follows: mouse anti-acetylated α-tubulin 1:1,500, rabbit anti-α-

catenin 1:500 (Sigma, St Louis, MI, USA), rabbit anti-polaris antibody 1:500 (BY1700, 

Sigma-Genosys against amino acids LEIDEDDKYISPSDDPHTN), rabbit anti-

polycystin-1 antibody 1:300 (29) and rat anti-zonula occludens 1:40 (from Dr. Daniel 

Balkovetz, UAB).  Secondary antibodies conjugated to FITC and rhodamine Red-X 

were used at 1:500 (Jackson ImmunoResearch, West Grove, PA).  Sections were 

analyzed by immunofluorescence using an inverted Nikon TE200 microscope and 

images were captured on a CoolSnap HQ/FX (Roper Scientific, Inc.) CCD camera.   

Proliferation analysis  

Proliferation in CP cells from day 3 animals was determined by immunostaining 

with anti-phospho-histone H3 antibody (diluted 1:300, from Upstate, Lake Placid, NY).  

The proliferation index was assessed by counting H3-positive cell nuclei per 1000 

nuclei.   

 

Scanning electron microscopy 

Freshly isolated brains from wild-type and Tg737orpk mutant animals were 

processed for scanning electron microscopy as described previously (77).  Samples were 

then analyzed on either ISI SX-40 or Hitachi 2460 Variable Pressure scanning electron 

microscopes. 
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Videorecording of ependymal cilia.  

Function of ependymal cilia was assessed as described previously (28).  Briefly, 

to capture beating of the ependymal cilia, fresh brain slices from either the lateral or 

fourth ventricle of day 12 animals were placed on a glass coverslip.  Prewarmed phenol 

red free DMEM/F12 medium was mixed with a suspension of red fluorescent beads 

(50 μm, Sigma) and added to fresh brain slices.  Cilia or particle movement was 

monitored by differential interference contrast (DIC) and fluorescence microscopy on a 

Nikon TE200 equipped with a CoolSnap HQ/FX CCD camera.  Images were captured 

at 28 frames/sec using MetaMorph software.  The same program was used to track 

particle movement and to calculate mean speed of the tracked red fluorescent beads.  

Brain ventricular injection of fluorescent DiI.  

Day 2 and 6 animals were anesthetized using 100 mg/kg ketamine and 5 mg/kg 

xylazine intraperitoneally.  The right lateral ventricle was injected with 1.0 µl of 0.2% 

DiI using the following coordinates: depth 1.8 mm, lat. 0.9 mm crossing the line which 

bundle the posterior angles of orbitae bilaterally in 2-day-old  mice, 0.8 mm posterior to 

this point in 6-day-old  mice.  Mice were then sacrificed and the brains were snap frozen 

and cryosectioned.  Horizontal sections of injected brains were then fixed with 4% 

paraformaldehyde and nuclei stained with Hoechst.  Sections were imaged using 

fluorescence microscopy.  The time required for the dye to pass from the lateral 

ventricle into the fourth ventricle was determined by analyzing brain sections generated 

from mice 30, 20, 10 and 5 minutes postinjection.  

Isolation of CSF.  

To isolate the CSF, 18-23 day wild-type or mutant animals were anesthetized as 

described above.  CSF was harvested using a micromanipulator and Hamilton syringe 

with a 26-gauge needle with the following coordinates in mutant: Bregma -0.6 mm, lat. 

1 mm, depth 1.8 mm and from wild type mice as described previously by DeMattos et al 

(17). Chloride ion concentration was determined with ion selective microelectrodes 

following manufacturer’s instructions (Lazarlabs, CA).  
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Determination of [cAMP]i from isolated choroid plexus.  

Choroid plexi isolated from mutant and wild-type brains were immediately 

frozen in liquid nitrogen.  Tissue processing and intracellular cyclic AMP content was 

determined using a competitive EIA assay system (Zymed Laboratories, CA), following 

the manufacturer’s instructions.  Protein content was determined using DC Protein 

Assay kit (BioRad Laboratories). 

Tissue preparation and measurement of pHi 

Day 5 and 6 wild-type and Tg737orpk littermates were sacrificed, choroid plexi were 

removed from the lateral ventricles and placed into a cooled dissection chamber filled 

with saline solution. Two tissue pieces, freshly isolated from similar regions of choroid 

plexi obtained from a mutant and wild-type animal were transferred to a thermo-

regulated microscope chamber. The preparations were immobilized with glass 

micropipettes in a position where the epithelium of the two tissue pieces were facing 

each other (Figure 17). This allowed simultaneous imaging of the two preparations. The 

tissues were then loaded with BCECF by incubating them in a saline solution containing 

10 μmol/L BCECF/AM for 20 minutes. Residual non-hydrolyzed dye was removed 

before the experiment by flowing saline solution at 2 ml/min for 5 min. During the 

experiment the bathing solution was exchanged at a rate of 2.5 ml/min. pHi was 

measured using a Nikon S Fluor 40x objective and assessed with dual-excitation 

wavelength fluorescence system, which included a computer-controlled chopper 

assembly (530 nm emission during alternating 440 and 495 nm light excitation; Photon 

Technology International, London, Ontario, Canada) and a cooled SenSys charge-

coupled camera (Photometrics, Tucson, AZ). Every experiment was calibrated using 

two pH points with the high-potassium/nigericin technique as described (68). For each 

experiment the 495/440 nm ratios were converted to pHi. All experiments were 

performed at 37 ºC. 

Buffering capacity and HCO3
- flux 

To evaluate acid-base transporter activities, we determined the intrinsic buffering power 

in both wild-type and Tg737orpk choroid plexus tissues using the weak acid NH4
+ (5, 7).  

These experiments were performed in the nominal absence of CO2/HCO3
- and in the 

absence of external Na+ to minimize the activity of pHi regulatory mechanisms. pHi was 
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measured in response to stepwise changes in bath NH4Cl concentration from 20, 10, 1 to 

0 mM, and the intrinsic buffering power was calculated at the mean pHi between steps 

using the following equation:  

βi = Δ[NH4
+]i / ΔpHi 

where βi is the intrinsic buffering capacity, Δ[NH4
+]i is the difference in intracellular 

ammonium concentration (calculated using pKa of 8.9 for NH4
+) and ΔpHi is the 

measured change in pHi. 

As shown in Figure 7, the intrinsic buffering capacity displayed a linear decrease with 

higher pHi values. The intrinsic buffering power values at varying pHi were not 

significantly different in the wild-type and mutant CP epithelia. We therefore pooled the 

data from both tissues and the intrinsic buffering power (in mmol/L) as a function of 

pHi was best fit with the equation: 

βi = -107.54 × pHi + 768.03 

The initial net acid extrusion (Jnet) was calculated using the following formula: 

Jnet = dpHi /dt × (βi + βCO2) 

where dpHi /dt is the initial rate of change in pHi (over 30 seconds) and βCO2 is the 

buffering capacity conferred by bicarbonate, computed from the theoretical relationship: 

βCO2 = 2.3 × [HCO3
-]i 
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Statistical analysis 

Values are means ± SE. Statistical significance was determined using unpaired 

Student’s t-test in the following experiments (the listed experiments below assess 

differences between wild type and mutant animals): relative ventricular volume 

intensity differences; proliferation analysis; particle movements over ependymal cilia; 

differences in [cAMP]i and [Cl-] .  

Paired Student’s t-test was used for data analysis in the physiologic experiments, where 

the wild type and mutant tissues were simultaneously assayed, and where P < 0.05 was 

considered significant. The data from the intrinsic buffering capacity experiments were 

analyzed by two-way repeated-measures ANOVA. 

 

 

Figure 7.  Graph showing the intrinsic buffering capacity of the choroid 
plexus epithelia from wild-type and Tg737orpk mice as a function of pHi. 
Data points represent the average values from 3 pairs of preparations. 
Line represents linear fit to the pooled data from wild-type and mutant 
tissues.  
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Solutions 

Table 1. below provides the composition of each solution used in our experiments. The 

pH of the solutions was adjusted to 7.4 at 37 °C. The osmolarity of all solutions was 

determined with a freezing point depression osmometer and was adjusted with mannitol. 

 

Table 1. Solutions used in the experiment 

 

 

 

 

  

Materials 

(mmol/L) 
145 NaCl 30 NH4Cl 0 Na 

Na and 

HCO3
- 

0 Na and 

HCO3
- 

0 Na and 

20 NH4Cl 
Nigericin  

NaCl 145 115 - 125 - - 10 

KCl 4 4 4 4 4 4 120 

CaCl2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

MgSO4 1 1 1 1 1 1 1 

NaHCO3 - - - 22 - - - 

Glucose 5 5 5 5 5 5 5 

HEPES 10 10 10 - - - 10 

Choline-

HCO3 
- - - - 22 - - 

NMDG-Cl - - 125 - 110 125 - 

NH4Cl - 30 - - - 20 - 

Nigericin  - - - - - - 0.01 
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RESULTS 

Tg737orpk mutant mice exhibit hydrocephalus 

The Tg737orpk hypomorphic mutant mice are severely growth retarded and 

normally die within the first few weeks of birth due to pathologies in multiple tissues, 

including hydrocephalus.  The hydrocephalus phenotype in these mice is evident shortly 

after birth with an enlarged cranium.  The gross appearance of the brain shows minor 

compression of the olfactory bulbs and cerebellum suggestive of increased intracranial 

pressure.  Histological analysis indicates that the lateral ventricles are enlarged in 

mutants relative to the wild-type controls (Figure 8).  

 
 

 

 

 

 

 

Figure 8. Tg737orpk mutant mice develop hydrocephalus.  (A) Comparison of lateral 
view of 10-day-old wild-type and Tg737orpk mice indicates that the mutants exhibit a 
bulging forehead (arrow), characteristic of hydrocephalus.  (B) Gross analysis of the 
brains from mutants shows signs of compression at the olfactory bulb and the frontal 
pole of the cerebrum (black arrowhead).  Also, the cerebellum is more prominent in 
mutant animals (white arrowhead) than in wild-type control.  (C) Hematoxylin and 
eosin stained coronal sections of the brain through identical regions of the brain 
demonstrate marked dilatation of the lateral ventricles in mutant animals compared to 
wild-type controls.  Scale bar is 4 mm. 
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Initiation and progression of the hydrocephalus in Tg737orpk mutant mice 

To follow progression of hydrocephalus in vivo, we analyzed the phenotype of 

four pairs of mutant and wild-type littermates at postnatal day 1 and again at day 6 using 

T2 RARE magnetic resonance imaging (MRI).  Coronal MRI sections of day 1 mutant 

brains exhibit larger fluid-filled lateral ventricles compared to their wild-type littermates 

(Figure 9).  Analysis of the same mutants at day 6 indicates that the lateral ventricles 

become even larger while the wild-type lateral ventricles are small and difficult to 

distinguish from the surrounding brain tissue. The same results were seen from the 

paramedian sagittal view.  Median-sagittal images were used to obtain information 

about the third ventricle-aqueduct-fourth ventricle axis which is the narrowest portion of 

the entire ventricular system and its obstruction is the most frequent cause of 

hydrocephalus.  Median-sagittal sections of 1-day-old wild-type and mutant littermates 

reveal no overt morphological difference in this axis.  By day 6, the protrusion of the 

cerebellum into the cisterna magna and the skull protuberance above the cerebellum 

indicate that increased intracranial pressure may be present in these animals, suggestive 

of duct obstruction.  However, the resolution of the MRI images was not sufficient to 

establish whether the aqueduct in the mutants was open or obstructed at these stages.  

Therefore, this was further addressed by intra-ventricular injection of DiI (see below).  

The analysis of the MRI images indicated that the normalized ventricular volume was 

3.1-fold and 5.3-fold higher in mutants than in wild-type controls at day 1 and 6, 

respectively.  Thus, by day 1 there was already a significant increase in the ventricular 

volume. 

In contrast to the ventricular data, MRI analysis did not show alterations in the 

subarachnoid space, suggesting that there are no overt defects in CSF reabsorption.  
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Figure 9.  Analysis of hydrocephalus progression in Tg737orpk mutant mice using 
T2 RARE MRI. Compartments containing CSF appear white while brain matter 
is gray. (A-B) Dilatation is evident in the lateral ventricles (white arrowheads) of 
one-day-old mutants as compared to wild-types.  (C) In contrast, there is no sign 
of expansion in the fourth ventricle or in the aqueduct (arrows) at this age.  (D-E) 
By day 6, the lateral ventricles of the mutants are markedly enlarged (white 
arrowheads), without overt differences in the (F) fourth ventricle and aqueduct 
but protuberance is seen on the skull above the cerebellum (gray arrowheads). (E) 
In the subarachnoid space no difference is detected between wild-type and mutant 
animals (black arrowheads).  Scale bar indicates 10 mm. (G) Quantitative 
measurement of the relative ventricular volume in the mutant and wild-type 
controls at each age (n = 4; *P < 0.05).  
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Cilia are malformed on Tg737orpk mutant ependymal and choroid plexus epithelia  

 Previous data indicated that polaris and its homologs in Chlamydomonas (IFT88) 

and C. elegans (OSM-5) function as an  IFT particle protein required for cilia formation 

(26, 44).  Inside the ventricular system, cilia are found on ependymal cells which line 

the ventricles as well as on CP epithelia.  While the importance of the cilia on the CP 

has not been explored, beating of the numerous motile cilia on ependymal cells is 

thought to facilitate CSF movement and data indicate that loss of these cilia is 

associated with severe hydrocephalus.  Thus, to further explore a connection between 

the pathogenesis of hydrocephalus and cilia defects in Tg737orpk mutants, we compared 

the cilia on the ependyma and CP epithelia in mutant and wild-type mice by 

immunofluorescence and by scanning electron microscopy.  

The ependymal cells of adult mice have numerous long cilia that extend into the 

ventricular lumen.  On wild-type CP epithelium, most cells have a small tuft of cilia on 

the apical surface; however, there were also numerous CP cells with a single primary 

cilium.  The functional importance of either of these cilia types is unknown (Figure 10).  

In agreement with the hypomorphic nature of the Tg737orpk mutation, polaris 

expression and cilia were still detected on the ependyma and CP epithelium of mutant 

animals.  Compared to wild type controls, the cilia on the mutant ependyma were fewer 

in number, disorganized, stunted, anisometric, and often exhibited a bulb-like structure 

at their tips in which the mutant form of the polaris protein accumulated (Figure 10).  

These bulb-like structures were also observed on the CP epithelia and as seen on the 

ependyma, the mutant form of polaris was concentrated at the tip. These  morphological 

differences were also evident using scanning electron microscopy and are in agreement 

with recently published data showing that primary cilia on renal collecting duct cells of 

Tg737orpk mutants also have this bulb-like structure  (37).  
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Malformed cilia in Tg737orpk mutants results in impaired beat and reduced fluid flow  

The cilia morphology defects on the ependymal cells of Tg737orpk mutants 

suggest that hydrocephalus may be associated with altered cilia beat and subsequently 

impaired CSF movement.  To assess these possibilities, we analyzed cilia beating on 

freshly isolated ependymal cells using time-lapse DIC and fluorescence microscopy 

with small fluorescent beads added to track fluid movement (see movie in 

supplementary data).  On wild-type ependyma, cilia beat was rapid, well orchestrated, 

and produced a laminar flow across the cells.  In contrast, the movement of cilia on 

mutant ependyma exhibited a low frequency beat, which was asynchronous and failed 

to produce significant amount of directional fluid flow (Figure 11).  Thus, as seen for 

Figure. 10. Altered cilia morphology on cells of the ventricular system in Tg737orpk 
mutant mice. Photomicrographs of brain sections from wild-type and mutant 
animals showing immunolocalization of acetylated-α-tubulin (green) and polaris 
(red).  White and yellow arrowheads point to cilia. (A) Ependymal cilia in wild-type 
mice are in well-organized groups with equal length while cilia on the Tg737orpk 
mutant ependyma are fewer in number, shorter and anisometric. Polaris 
predominantly localizes to the basal body in the wild-type ependyma, while polaris 
is found to accumulate at the cilia tip in the mutants.  (B) Grouped and primary cilia 
are present on the CP of wild-type mice and polaris is concentrated at the basal 
bodies.  Polaris accumulates at the tip of the grouped and primary cilia in Tg737orpk 
mice.  Cilia often exhibit a large bulb-like structure in which polaris is concentrated.  
(C) Scanning electron microscopy (SEM) of ependymal cilia of normal and 
Tg737orpk mutant mice   (D) Cilia on CP of normal and Tg737orpk mutants.  In 
mutants, the cilia are morphologically abnormal with a thickened axoneme. Scale 
bars on immunofluorescence and SEM images represent (A) 20, (B) 10, (C) 15 and 
(D) 2.5 μm, respectively.  
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other mouse mutants, defects in the cilia motility in the Tg737orpk mutants is consistent 

with impaired CSF flow through the ventricles and with the development of 

hydrocephalus (28).  

 

 
 

 

 

 

 

 

 

Figure. 11.  Defects in cilia beat of the Tg737orpk mutant results in impaired fluid 
flow over the ependymal cells.  Red and yellow arrowheads label ependyma and 
ependymal apical cilia, respectively.  (A) DIC and (B) fluorescence images of 
wild-type and mutant ependyma. Fluorescence images were overlaid with the 
movement of the fluorescently labeled beads as recorded by motion tracking 
(yellow lines, see supplemental movie).  Movement of beads propelled by wild-
type cilia beating is rapid and directional while beads moved randomly in the 
mutant samples. Scale bar is 20 μm.  (C) Graph showing quantitative analysis of 
the flow generated by the cilia from mutant and wild-type samples (n=6; 
*P<0.005). 
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The hydrocephalus in Tg737orpk mutants precedes formation of motile cilia on 

ependymal cells 

To further evaluate a connection between cilia defects, impaired CSF flow, and 

the etiology of hydrocephalus, we analyzed when and where motile cilia first become 

evident on cells in the ventricular system of wild-type mice and correlated these data 

with the appearance of hydrocephalus in the Tg737orpk mutants.  

 Our analysis of cilia formation on ependymal cells using serial section 

immunofluorescence indicated that in one-day-old wild-type mice, most ependymal 

cells lining the ventricles had only a primary cilium.  The presence of the multi-ciliated 

cells did not occur on the ventricular walls until around postnatal day 7.  This was well 

after the pathology develops in the Tg737orpk mutants (postnatal day 1), suggesting that 

loss of these motile cilia and subsequent flow generated by them cannot be the cause of 

the hydrocephalus.  One exception to this was the cells lining the aqueduct 

interconnecting the third and fourth ventricle.  Most of these cells were multi-ciliated by 

postnatal day one (Figure 12).  Thus, the loss of motile cilia in the aqueduct of mutants 

could impair flow through the duct and lead to pathology similar to obstructive 

hydrocephalus.   

In contrast to the ependymal cells, the cilia on wild-type CP epithelium were well 

formed by day 1 and were similar to that seen in the adults.  Since these cilia are present 

when hydrocephalus initiates, loss of their function could contribute to the pathology.  

While cilia on the multi-ciliated CP epithelium are motile (data not shown), our 

analyses indicate that they would have minimal effect on generating CSF flow.   

Initiation of hydrocephalus in Tg737orpk mice occurs prior to aqueduct stenosis 

In contrast to the ependymal cells lining the ventricular walls, motile cilia were 

present on aqueduct cells prior to the onset of hydrocephalus, raising the possibility that 

impaired function of these cilia may initiate the phenotype.  This could occur by duct 

stenosis which is normally inhibited by the beating of the cilia on these cells or by 

impaired CSF flow through these narrow structures in the absence of normal cilia beat.  
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Figure 12.  Analysis of cilia in the ventricular system in one-day-old mice.  Brain 
sections of a one-day-old wild-type mouse containing the (A) lateral, (B) third 
ventricles, (C) the aqueduct, and (D) the fourth ventricle were analyzed for the 
presence of cilia (anti-acetylated-tubulin, green and polaris, red) on the ependyma 
(white arrowheads) and choroid plexus epithelia (white arrow).  No multi-ciliated 
cells were evident on the ependyma of the (A) lateral, (B) third or (D) fourth 
ventricles at this age.  Ependymal cells possess primary cilium as shown with the 
SEM and immunofluorescence (insert in A and E, yellow arrowheads).  (C) In 
contrast, the ependymal lining of the aqueduct was multi-ciliated (white arrowhead). 
Inset shows that multiple cilia are also present in the mutant aqueduct. (F) Multiple 
cilia cover cells in the aqueduct (yellow arrowheads). (G) Grouped and single cilia 
on the choroid plexus .  Scale bars equal to 200 μm and 10 μm on panels (A to D) 
and (E to G), respectively. 
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 To begin testing these possibilities, CSF flow was evaluated using fluorescent 

dye DiI injected into one lateral ventricle of day 2 and day 6 wild-type and Tg737orpk 

mutant mice.  The movement of DiI through the ventricles was analyzed by serial 

sectioning of the brain.  To initiate this analysis, we evaluated DiI movement in wild 

type (day 2 and 6) mice at 5, 10, 20, and 30 minutes after injection into the lateral 

ventricle to determine the time needed for it to be detected in the fourth ventricle.  DiI 

was detected at all time points except at 5 minutes, thus all subsequent analyses were 

performed after 10 minutes (Figure 13).  Our analysis of day 2 mutants was 

indistinguishable from the wild type controls.  This confirms that the aqueduct remains 

patent in the early stages of the disease and that impaired motility of the cilia lining the 

aqueduct at this early age does not result in obstructed CSF flow that could cause the 

pathology. In contrast to the two-day-old mutants, in six-day-old Tg737orpk mice DiI 

was not detected in the fourth ventricle indicating that passage through the aqueduct had 

been compromised. Since this occurs late in the pathogenesis of the disease in these 

mutants, duct stenosis and loss of flow is likely a consequence rather than a cause of 

hydrocephalus.   

 Cell polarity on the choroid plexus epithelia of Tg737orpk mutants.  

Another potential pathogenic mechanism is altered cell polarity, similar to that 

seen for the kidney of Tg737orpk mice as well as several other PKD mouse models, 

which have revealed mislocalization of polarized proteins such as the EGF receptor and 

Na+/K+-ATPase (74).  In the kidney, this results in excess fluid accumulation in the 

tubules and the development of the cystic pathology (3, 74).   Here, we analyzed 

sections of brains for the localization of α-catenin and ZO-1 , indicators of general 

polarity as well as transport proteins such as the Na+/K+-ATPase and the anion 

exchanger 2 (Figure 14).   The data indicate that all these proteins were localized 

normally in the mutants and at similar levels when compared to the control samples. 

Thus, there were no overt defects in the organization of the tissue due to defects of the 

cilia.  

Another aspect of polarity that we analyzed was whether distribution of signaling 

proteins in the cilia axoneme was affected.  Altered localization of proteins in the 

axoneme could lead to their dysfunction and impair the sensory or signaling activity 
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Figure 13.  The initiation of hydrocephalus precedes aqueduct stenosis in Tg737orpk 
mutant mice.  Movement of the DiI (red) was tracked through brain sections of two 
and six-day-old wild-type and Tg737orpk mutant mice 10 minutes postinjection. (A 
and B) Horizontal view of brains showing the lateral ventricles (black arrows), third 
ventricle (black arrowheads) and fourth ventricle (white arrowheads).  (C-H) 
Fluorescence images of brain sections through the indicated regions from (C, E and 
G) 2-day-old and (D, F and H) 6-day-old control and mutant mice.  DiI is detectable 
in the fourth ventricle of 2-day-old mutants (A and G, right panels) but is not seen in 
6-day-old mutants (B and H, right panels), indicating that CSF movement was 
obstructed in these mutants.  Scale bar represents 200 μm. 
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Figure. 14. Tg737orpk mutant mice demonstrate no overt loss of epithelial polarity 
in the choroid plexus.  Arrowheads indicate the apical surface of choroid plexus.  
(A) Expression of α-catenin (red) in sections of wild-type and mutant mice.  (B) 
ZO-1 (red) is localized to the tight junctional complexes near the apical surface of 
wild-type and mutant choroid epithelia.  (C) Analysis of transport proteins 
Na+/K+ATPase (green) and the anion exchanger type 2 (AE2, red) show normal 
localization at the apical and basolateral membranes, respectively.   Scale bar is 20 
μm. 
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of these cilia as proposed in the kidneys of cystic mutants. Since there are no data with 

regards to signaling proteins in the cilia of the CP, based on previous studies of the renal 

cilia, we evaluated whether polycystin-1 was present in the cilia of the CP and whether 

its distribution was affected by the Tg737 mutation.  Polycystin-1 is an integral cilia 

membrane protein involved in a fluid flow induced calcium signaling pathway (42, 46).  

As seen in primary cilia of the kidney, polycystin-1 localized predominantly at the basal 

bodies in both multi and primary ciliated cells and at lower levels along the cilia 

axoneme in wild-type CP (Figure 15).  In contrast, in Tg737orpk mutants polycystin-1 

was concentrated in the bulb-like structure at the tip of cilia in CP, rather than the basal 

body.  While polycystin-1 mutations are not associated with hydrocephalus,  this 

example supports the possibility that there may be cilia mediated signaling defects in 

the CP of the Tg737orpk mutants resulting from mislocalization of cilia proteins in the 

axoneme or in the subsequent transmission of a signal from the cilia into the cell as 

proposed for cystic kidney disease (64).  

 

 
 

 

 

 

 

Figure. 15. Altered localization of proteins in the cilial axoneme 
of Tg737orpk mutants. On wild-type choroid plexus, polycystin-1 
(red) was localized predominantly to the base of the cilia 
(acetylated-α-tubulin, green), while in the mutants, polycystin-1 
accumulated in the bulb-like structures at the cilia tip.  Scale bar 
represents 20 μm. 
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Analysis of proliferation in choroid plexus epithelium of Tg737orpk mutants.  

There are several models of hydrocephalus where pathogenesis is associated 

with excess CSF production due to hyperproliferation of CP cells (i.e. CP papillomas).  

In addition, a hallmark of cystic kidney disease is increased proliferation of the cystic 

epithelium. To determine if increased CP cell number is associated with the pathology, 

we evaluated whether proliferation was altered in the CP of Tg737orpk mutants. The data 

indicate that there are no significant differences in proliferation in the CP of the 

Tg737orpk mutants (Table 2).  

Table 2. Cell proliferation in the CP of Tg737orpk mutant mice 

Comparison of mean ± SE values for positive cells (positive nuclei/nuclei) of mutant (n 
= 5; n.s.: non significantly different from wild-type control).   
 

Tg737orpk mutants have increased intracellular cAMP levels in the choroid plexus 
and elevated chloride concentration in the CSF.  

An alternative mechanism associated with the development of hydrocephalus 

could be elevated CSF production.  Nearly all CSF is produced by the CP through 

directional transport of  chloride and bicarbonate to the ventricular lumen (apical) (10).  

Thus, to determine whether cilia dysfunction may have an effect on CSF production, we 

compared chloride concentration in CSF isolated from mutant and wild-type mice.  The 

chloride level was significantly higher in mutant CSF relative to wild-type controls 

(Figure 16).   

Chloride transport into the CSF is regulated in part by an apically localized 

inward-rectifying chloride channel which is activated by intracellular cyclic AMP 

(cAMP) signaling (10, 32). To investigate a possible mechanism leading to elevated 

chloride in mutant CSF, we measured the intracellular concentrations of cAMP in CP 

cells freshly isolated from five-day-old mutant and wild-type mice.  In support for 

elevated chloride secretion by the CP, the intracellular levels of cAMP were 

significantly increased in mutant animals compared to the wild-type (Figure 16). 

Mice Proliferation index 
positive nuclei/nuclei 

Wild-type  (3.75 ± 0.31) x 10-3   

Tg737orpk mutant (4.175 ± 0.36) x 10-3 n.s. 
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 Together these data suggest that loss of normal cilia function on the CP results in 

aberrant cAMP regulated chloride transport that would lead to enhanced fluid 

movement into the ventricle lumen and to excess CSF production.   

 

 
 

 

 

 

Technique of simultaneous imaging of paired tissue preparations  

Analysis of physiological parameters, such as pHi, can have a high degree of 

experimental variability as a result of the assay procedures. This can make it difficult to 

assess the physiological significance of changes that result from experimental or genetic 

manipulations.  Thus, we utilized a simultaneous imaging approach (presented in Figure 

17) to directly compare pHi and Na+-dependent transport activities in Tg737orpk mutant 

and wild-type choroid plexus epithelium. With this technique, the choroid plexi from 

two groups of animals (e.g. wild-type and Tg737orpk) are simultaneously loaded, 

incubated, and imaged. This eliminates variability conferred by experiment-to-

experiment differences due to loading conditions and timing of solution changes, etc, 

and allows a more direct comparison of data between samples.  

 

 

 

 

Figure. 16. Choroid plexus physiology is altered in the Tg737orpk mutants. 
Graphs indicating the (A) chloride concentration in the cerebrospinal fluid of 
wild type and mutant mice.   (B) Intracellular cyclic AMP level ([cAMP]i) in 
the CP epithelium from wild-type and mutant animals (n=6 and n=7; *P< 0.05 
and *P< 0.005, respectively). 
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Steady-state pHi in choroid plexus epithelia from wild-type and Tg737orpk mice in the 
presence or absence of CO2/HCO3

- 

Baseline pHi is determined by the balance between acid-loading mechanisms (acid 

loading transporters and passive fluxes of acid-base equivalents) and acid-extruding 

mechanisms (acid-extruding transporters). The activity and expression of many of the 

acid-base transporters are regulated by intracellular cAMP (24, 25, 59). Thus, we first 

investigated the pHi in choroid plexus epithelium from mutant and wild-type mice. As 

shown in Figure 18, the steady-state pHi was found to be higher in CO2/HCO3
--buffered 

solutions than in HEPES-buffered solutions, and under both conditions, pHi was 

significantly lower in choroid plexus epithelium obtained from Tg737orpk mutants than 

from wild-type animals.  

 

 

 

 

 

Figure 17.  Freshly isolated in vitro choroid plexus preparations from wild-type and 
Tg737orpk mutant mice visualized simultaneously in one image field. (A) Bright-
field image showing the wild-type and mutant choroid plexus tissues immobilized 
by micropipettes. Arrowheads indicate the epithelial cells at the edge of the choroid 
plexus. (B) Wide-field fluorescence image of the same tissues loaded with the 
intracellular pH sensitive dye BCECF. White rectangles represent the regions of 
interest corresponding to the epithelial cells. Scale bar denotes 40 μm.  
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Sodium-hydrogen antiporter activity in choroid plexus epithelia obtained from wild-
type and mutant animals  

The lower pHi in choroid plexus epithelial cells from mutant animals relative to wild-

types could be due to either stimulation of acid-loading or inhibition of acid-extruding 

mechanisms. Na+-H+ antiporter is a potent acid-extruder involved in regulating  pHi and 

maintaining cell volume in many tissues (6, 23, 51). We therefore examined Na+-H+ 

Figure 18.  Measurement of intracellular pH in choroid plexus 
epithelia. (A) Representative traces demonstrating steady-state pHi 
in choroid plexus epithelia from simultaneously imaged wild-type 
and Tg737orpk mutant tissues in the absence or presence of 
CO2/HCO3

- in the bath. (B) Graphs showing pHi values in CP 
epithelia in the absence (circles) or presence (squares) of 
CO2/HCO3

- from wild-type and mutant animals. Filled symbols 
denote pHi values from individual paired preparations, and open 
symbols show the average values ± SE (n=5; the values in the wild-
type and mutant groups were different from each other under both 
conditions). 
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antiporter activity in both mutant and wild-type CP epithelial tissues (Figure 19). 

Tissues in the nominal absence of CO2/HCO3
- were first acidified using the NH4

+-

prepulse technique, and pHi recovery was blocked by removing external Na+. Na+ was 

then readded and the initial rate of pHi recovery was used as an index of Na+-H+ 

antiporter activity. Neither the wild-type nor the mutant CP epithelial tissues showed 

appreciable increase in pHi upon returning Na+ to acid-loaded tissues. Together these 

data suggest that altered pHi is not due to defects of Na+-H+ antiporter activity. 

 

 
 

 

 

 

 

 

Na+-HCO3
- cotransport in choroid plexus epithelia from wild-type and Tg737orpk mice 

Na+-HCO3
- cotransporters also play an important role in pHi regulation (53). To date, 

three types of Na+-dependent HCO3
- transporters have been described in the choroid 

plexus epithelia. The two basolateral transporters - NCBE and NBCn1 - are suggested to 

play a role in Na+ and HCO3
- influx into the cells, while the apical NBCe2 may 

participate in the efflux of these ions to the cerebrospinal fluid, however the role of this 

latest transporter remains to be determined (8). We therefore compared the Na+-

Figure 19.  Dependence of pHi on extracellular Na+ in choroid 
plexus epithelia following an acid load in the absence of 
CO2/HCO3

-. Representative traces of Na+-dependent pHi 
recoveries following an intracellular acidification imposed by 
prior Na+ removal for wild-type (solid line) and Tg737orpk 
(dashed line) choroid plexus tissues.  
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dependent HCO3
- transporter activity in Tg737orpk mutant and wild-type tissues. We 

used an acid-loading protocol similar to that described above. However, upon removing 

NH4
+ and Na+, we simultaneously switched to a solution buffered with 5% CO2/22 mM 

HCO3
- (Figure 20A).  As shown in Figure 20B, the net acid extrusion (Jnet) was 

significantly higher in the mutant CP epithelia as compared to wild-type. These Jnet 

values primarily represent HCO3
--dependent transport since there is very little Na+-

dependent pHi recovery in the nominal absence of CO2/ HCO3
-.  

The effect of DIDS on Na+-dependent HCO3
- transport was also determined. We 

used choroid plexus tissue dissected from the same animal and pretreated one sample 

with 500 μmol/L DIDS for 15 minutes. The Na+-dependent HCO3
- transport activity in 

DIDS-pretreated tissues was 87.3 % ± 19.2 % as compared to control (n=6).  

 

 

 
 

 

 

 

 

 

Figure 20.  Dependence of pHi on extracellular Na+ in choroid plexus epithelia  
following acid load in the presence of CO2/HCO3

-. (A) Representative traces of 
Na+-dependent pHi recoveries following an intracellular acidification imposed by 
prior Na+ removal for wild-type (solid line) and Tg737orpk (dashed line) choroid 
plexus tissues. The initial rate of pH change was measured over 30 seconds. (B) 
Net Na+-dependent acid extrusion flux (Jnet) after an acid load in wild-type and 
Tg737orpk choroid plexus tissues. Filled circles denote pHi values from individual 
paired preparations, and open circles show the average values ± SE (n=5; the 
values in the wild-type and mutant groups were different from each other).  
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Effect of db-cAMP and H-89 on Na+-dependent HCO3
- cotransport in choroid plexus 

epithelium 

An increased level of cAMP has been reported to activate Na+-dependent HCO3
- 

transport in pancreas, intestine and corneal epithelia (4, 67, 73). Also, as indicated 

above increased levels of cAMP were found in Tg737orpk CP epithelia. Thus, we tested 

the possibility that an increase in intracellular cAMP could stimulate Na+-dependent 

HCO3
- transport activity in CP epithelial tissue from wild type mice similar to that seen 

in Tg737orpk mutants. For this analysis, pairs of CP epithelial tissues were isolated from 

wild-type mice. To evaluate cAMP responses, one of the tissues was pretreated with 1 

mM dibutyryl-cAMP for 20 minutes prior to the experiment and the Na+-dependent 

HCO3
- transport activity was compared to the control CP epithelia. As shown in Figure 

21A and B, the Na+-dependent HCO3
- transporter activity was significantly higher in 

tissues pretreated with db-cAMP.  

These data indicate that cAMP may be a modulator that leads to the altered Na+-

dependent HCO3
- transport observed in the mutant CP epithelia. To further assess this 

possibility, we evaluated Na+-dependent HCO3
- transport activity in mutant CP epithelia 

under conditions where cAMP signaling was inhibited. This was done using H-89, a 

potent protein kinase A (PKA) inhibitor. As performed with the wild-type CP epithelial 

explants, a paired prep technique was utilized where one mutant sample was pretreated 

with H-89. In all samples analyzed, the preincubation with H-89 resulted in a 

significantly lower Na+-dependent HCO3
- transport activity as compared to the non-

treated mutant tissue (Figure 21 C and D).  

Together, these data support a mechanism by which loss of normal cilia function 

leads to elevated intracellular cAMP levels that cause defects in the regulation of Na+-

dependent HCO3
- transport.  
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Figure 21.  Effect of intracellular cAMP concentration on Na+-dependent pHi 
recovery after intracellular acidification in choroid plexus epithelia in the presence of 
CO2/HCO3

-. (A) Representative traces of Na+-dependent pHi recoveries following an 
intracellular acidification imposed by prior Na+ removal for control wild-type (solid 
line) and db-cAMP treated wild-type (dashed line) choroid plexus tissues. The initial 
rate of pH change was measured over 30 seconds. (B) Net HCO3

- flux after Na+-
addition in control and db-cAMP treated preparations (n=8; the values in the control 
and db-cAMP treated groups were statistically different from each other). (C) 
Representative traces of Na+-dependent pHi recoveries following an intracellular 
acidification imposed by prior Na+ removal for non-treated Tg737orpk mutant (solid 
line) and H-89 treated Tg737orpk mutant (dashed line) choroid plexus tissues.  (D) Net 
HCO3

- flux after acid load in non-treated and H-89 treated Tg737orpk mutant choroid 
plexus tissues. Filled circles denote pHi values from individual paired preparations, 
and open circles show the average values ± SE (n=5; the treated and non-treated 
groups were statistically different from each other)
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DISCUSSION  

Hydrocephalus is a relatively common birth defect (11, 21).  Despite the 

prevalence of this disorder and the existence of several genetic and induced models of 

the disease in mice and rats, our understanding of the molecular and cellular 

mechanisms causing the pathology has remained largely enigmatic. The proposed 

causes of hydrocephalus vary but they are all center on the net accumulation of CSF 

resulting from CSF overproduction, blocked CSF flow, or impaired CSF reabsorption. 

Due to our limited understanding of the causative mechanisms, current treatment 

strategies are palliative and rely on the insertion of shunts to drain excess CSF and 

reduce intracranial pressure and subsequent ventricular expansion. 

In our work we utilized the Tg737orpk hypomorphic mutants to further explore 

the connection between cilia and the development of hydrocephalus.  MRI and 

histological analysis of the Tg737orpk mutants indicate that the pathology is progressive 

and that it can be detected in the perinatal period.  Since polaris is required for cilia 

assembly, we initially suspected that the hydrocephalus in the Tg737orpk mutants would 

be associated with loss of motile cilia and subsequent impaired CSF flow as shown for 

other hydrocephalus mouse models (28, 69).  Indeed, our analysis of the cilia in the 

Tg737orpk mutants shows severe morphological abnormalities on the ependymal cells. 

This is similar to the pathogenic mechanism reported for the Mdnah5 axonemal dynein 

mutant.  In Mdnah5 mutants, cilia on the ependymal cells form normally but are 

paralyzed and result in impaired CSF flow. This lack of CSF movement is thought to be 

an initiating factor leading to increased intracranial pressure, duct stenosis, and the 

development of hydrocephalus which becomes evident after postnatal day 6 (28). 

In support of an impaired CSF flow mechanism, our in vitro analysis of the 

ciliary beat and fluid flow generated by the cilia on the ependymal cells isolated from 

the lateral ventricle of Tg737orpk mutants revealed that the beat is disorganized and flow 

is impaired.  However, when we correlated the time at which the pathology becomes 

evident (postnatal day one) in the Tg737orpk mutants with when the motile cilia actually 

form on cells in the ventricles the data do not support a direct role for impaired cilia 

beat as being an initiating factor. An exception to this was the cells that line the 
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aqueduct interconnecting the third and fourth ventricles.  Unlike the ependyma lining 

the ventricles, this ductal epithelium possesses motile cilia that are present prior to onset 

of the pathology.  However, our in vivo analysis of CSF movement using DiI injection 

indicate no differences in CSF flow between the mutant and wild-type controls at early 

stages of the disease.  Impaired CSF movement was evident only after significant 

expansion of the ventricles, suggesting that loss of CSF flow is a consequence of the 

pathology.  These data raise the possibility that a mechanism other than duct obstruction 

or loss of CSF flow is the initiating factor leading to the development of hydrocephalus. 

Another possible mechanism involves defects in the CP. The CP is a specialized 

secretory organ located within the brain ventricles and its primary functions are the 

production and homeostasis of the CSF (61). Our analysis of the CP cells indicate that 

there are two populations, one that has small tufts of motile cilia and another that has a 

single primary cilium. The function(s) of either of these types of cilia on the CP has not 

been explored. To our knowledge, this is the first description of primary cilia on the CP 

and we speculate that they have sensory roles similar to that shown in the embryonic 

node and in the renal tubules.   

While not as common as obstructive hydrocephalus where CSF movement is 

impaired, communicative forms of this disease have also been described that result 

either from delayed reabsorption by arachnoid granulations or excess CSF accumulation, 

such as in the case of CP tumors.  In most cases where there are defects in reabsorption, 

MRI analysis reveals an expansion in the subarachnoid space.  This is not evident in the 

Tg737orpk mutants suggesting that impaired reabsorption is not the cause.  Since there is 

no overgrowth or increased proliferation of the CP in Tg737oprk mutants, any effects on 

CP function would likely occur at the level of a pathway regulating secretory behavior 

of these cells.  Thus, it is intriguing that our analysis of CSF composition indicates 

significant increase in the level of chloride. Chloride is transported through the activity 

of an unidentified apically localized inwardly rectifying chloride channel that is 

regulated by cAMP. Thus the increased chloride level in the CSF is supported by the 

elevated intracellular cAMP concentration in the CP epithelium. The elevated chloride 

level in the CSF suggests that the altered ion transport properties of the CP result in 

increased fluid movement and excess CSF production that would contribute to the 

development of hydrocephalus.     
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 Intriguingly, in the E2F-5 mutants, defects in CP secretory behavior are thought 

to cause a communicating form of hydrocephalus as seen in early Tg737orpk mutants (36).  

This may be analogous to the mechanism of renal cyst development in mice and humans 

with cilia dysfunction (22).  Several studies have shown that elevated cAMP signaling 

caused by the vasopressin receptor type 2 results in excess fluid secretion across cystic 

epithelium, and inhibition of which abrogates the cystic pathology.  Thus it will be 

interesting to evaluate whether a similar mechanism is involved in the hydrocephalus 

pathology in Tg737orpk mice (62, 70).   

Summerizing the above discussed, the Tg737orpk mice develop hydrocephalus 

that is initiated in the perinatal period and likely involves ion and fluid transport defects 

across the choroid plexus. This pathology was associated with a marked increase in 

intracellular cAMP. Another phenotype exhibited by the Tg737orpk mutants is the 

development of cystic renal lesions in the kidney (40). While it is not known whether 

cAMP is elevated in the kidney of Tg737oprk mutants, it is noteworthy that the cystic 

kidneys in human ARPKD and ADPKD patients and in many of the PKD mouse 

models caused by abnormal cilia function do have increased intracellular cAMP.  

Furthermore, inhibition of cAMP signaling using vasopressin receptor antagonists in 

mice with PKD greatly improves renal function and pathology and is currently being 

evaluated as a means of retarding cyst progression (70, 71, 72). Together, these data 

suggested that cAMP may be central to the initiation of hydrocephalus and other 

pathological alterations in the kidney, liver, and pancreas of the Tg737orpk mutant mice.   

cAMP is known to be an intracellular regulator of ion and water transport in 

many secretory/reabsorbtive epithelia (e.g. pancreas, intestine, cornea, and kidney), and 

there are data to indicate a role for cAMP in ion and water transport across the CP (4, 19, 

20, 27, 73).  In frog CP, cAMP has been proposed to increase HCO3
- secretion and ion 

transport into CSF; furthermore in mice there is an apically localized inward rectifying 

chloride channel that is activated by cAMP and cAMP agonists (10, 55, 56). Thus, in 

the second ste of studies we evaluated whether altered cAMP levels observed in the CP 

might contribute to changes in pHi and ion transport activities that could explain an 

increase in CSF production and hydrocephalus in the Tg737orpk mutants.   
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To better compare acid-base transport mechanisms in mutant and wild-type CP 

and their responses to cAMP, we utilized an imaging technique with paired tissue 

preparations where two tissues loaded with BCECF were assayed simultaneously, 

minimizing variance between experiments. First, steady-state pHi was measured in both 

mutant and wild-type tissues either in the absence or presence of CO2/HCO3
-. CP from 

Tg737orpk compared to wild-type mice had a lower pHi in both buffer conditions. We 

hypothesized that this was due to altered activity of either acid loading or extruding 

transporters. Current data indicate that CP possess a Na+/H+ antiporter (NHE1), Na+-

dependent HCO3
- transporters, and a Cl-/HCO3

- exchanger (AE2) whose activity could 

contribute to the altered pHi  regulation (10). Thus, a potential caveat that must be noted 

in these studies is that we do not know whether there is a different profile of transporters 

expressed in mice at the ages used to evaluate CP epithelial transport properties in the 

Tg737orpk mice. 

To begin evaluating the cause of the difference in pHi, we first analyzed the 

activity of Na+-H+ exchanger in mutant and wild-type tissues. However, based on our 

data, we could not detect a Na+-dependent pHi recovery following CPacidification in the 

nominal absence of CO2/HCO3
-.  This would be expected if an active NHE were present 

on the plasma membrane. Thus, it is unlikely that this transport would contribute 

remarkably to the observed differences between pHi in CP obtained from wild-type and 

mutant animals. Also, published data regarding the presence or activity of NHE in CP 

are controversial. In two studies, a basolateral amiloride-sensitive NHE was suggested 

to participate in Na+ uptake into CP, assuring basolateral Na+ supply in response to 

apical Na+ flux into the CSF (15, 41). However, other groups found no evidence for the 

expression of a Na+-H+ antiporter in choroid plexus suggesting that this antiporter may 

not be present or that another variant may exist (1, 49).  

To further investigate the mechanism behind the pHi differences, we compared 

Na+/HCO3
- cotransporter activity in CP epithelia from mutant and wild-type animals. 

There are three Na+/HCO3
- cotransporters on CP. Two are localized to the basolateral 

membrane (NBCn1 and NCBE) while the other is present on the apical membrane 

(NBCe2) (8, 48). They all have important roles in regulating pHi. In addition to pHi 

regulation, the apically localized NBCe2 is thought to contribute directly to CSF 

production (49). In our studies, we found a marked increase in pHi and calculated 
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HCO3
- flux was present in both mutant and wild-type samples following Na+ addition to 

acidified CP tissues. In addition, the Na+-dependent HCO3
- flux was significantly higher 

in the mutant versus wild-type samples. Based on our findings the activity of 

Na+/HCO3
- cotransport of CP showed little DIDS sensitivity at low intracellular pHi.  

We also investigated whether intracellular cAMP, which is markedly elevated in 

Tg737orpk mutant choroid plexus, was able to influence Na+-dependent HCO3
- transport. 

cAMP is known to stimulate HCO3
- flux in cornea, pancreas, and colon epithelial 

tissues. However, little is known about cAMP-mediated HCO3
- transport in the 

mammalian choroid plexus. In our studies, we found that the addition of db-cAMP to 

wild-type CP does result in significantly higher Na+-dependent HCO3
- flux in acidified 

CP tissues compared to untreated control samples. These data confirm that cAMP is 

able to regulate Na+-dependent HCO3
- activity in the CP and suggest that the elevated 

level of cAMP observed in the mutant CP may stimulate Na+-dependent HCO3
- 

transport.  To further explore this possibility, we next treated mutant CP explants with 

H-89, which blocks cAMP mediated effects through inhibition of protein kinase A 

activity. The results from these experiments indicate that blocking PKA activity 

markedly reduced Na+-dependent HCO3
- transport in mutant tissue. Taken together, 

these data raise the possibility that aberrant cAMP/PKA mediated signaling activity is a 

driving force in hydrocephalus of Tg737orpk mutants as recently suggested for cyst 

development in PKD, a phenotype also present in Tg737orpk animals.  

The mechanism by which the impaired ciliary function on the CP in the 

Tg737orpk mutant results in excess CSF is currently unknown.  However, our data 

suggest at least two possibilities. In the first scenario, the cAMP mediated increased 

Na+-dependent HCO3
- transport could be the driving force that leads to the excess CSF 

production. Increased Na+-dependent HCO3
- transport activity in the mutants would 

cause a net increase in ion transport and subsequent fluid movement into the CSF. 

Indeed, data from frog CP have already established a connection between cAMP and 

increase HCO3
- secretion into CSF that does lead to an increase in CSF production (55, 

56). However, we note that the intracellular pH is low in our experimental conditions, 

well beyond the physiological range, consequently, the direction of the Na+-dependent 

HCO3
- transport is inward in acidified CP cells. In vivo, this is likely different, since at 

the estimated reversal potential of ~ -50 mV the transporter could be driven in either 
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direction, depending on ion/Vm conditions (38, 50).  The lower pHi of the mutant CP 

could be due to an increased acid loading by the apical Na+/HCO3
- transporter: however, 

based on our data, we cannot identify the localization of the Na+/HCO3
- transporter 

activated by cAMP.  We also note here, that in our experimental conditions, the 

monitored region of interest of CP tissue is an intact epithelium, thus, epithelial 

responses to the change of bathing solution are probably apical events.  However, since 

our analysis is conducted on relatively small tissue samples with cut edges, we cannot 

exclude accessibility of the bathing solutions to the basolateral side of the CP which 

could also contribute to the responses seen in our analyses. 

In the second scenario we also propose a cAMP-driven effect on ion and water 

transport across the mutant CP. In this case, the increased ion transport would be 

mediated by the apically localized inward rectifying chloride channel (ClC2 like 

channel).  The ClC2-like channel transports both Cl- and HCO3
- into the CSF and is 

known to be stimulated by cAMP (10, 32, 33). The first set of studies have shown that 

Cl- levels in the CSF are elevated in the mutants. Thus, cAMP induced activity of this 

channel could explain the changes in CSF chloride levels and lower pHi observed in the 

mutants with the altered Na+-dependent HCO3
- transport being a compensatory 

mechanisms responding to altered pHi. The connection between cAMP and the activity 

of these transporters and channels and whether the altered activity results in increased 

CSF production in the Tg737orpk mutants needs to be evaluated.   

As indicated above, increased cAMP levels are a pathogenic factor leading to 

the development of cystic kidney disease in ARPKD and ADPKD patients and animal 

models (71). In the renal cystic epithelia, adenylyl cyclase activity was elevated through 

the vasopressin V2 receptor (V2R) (72).  Furthermore, progression of the cystic 

pathology can be greatly retarded by the use of V2R antagonists. While V2R is not 

thought to be expressed in adult CP, the mRNA was reported in the CP of newborn 

rodents (31). Thus, it would be interesting to determine whether V2R expression is 

maintained in mutant CP, and whether hydrocephalus pathology can be ameliorated 

through administration of V2R antagonists.  
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CONCLUSION 

The brain pathology in the Tg737orpk mutants appears to be a consequence of several 

cilia dysfunction mediated events.  The first, and what we believe is an initiating factor, 

involves altered ion transport across the CP epithelium and increased production of CSF.  

How impaired cilia or polaris function in the CP epithelium affect the localization, 

expression, or activity of proteins involved in ion movement and which proteins are 

specifically involved is being evaluated. One possibility is that loss of normal polaris 

function in the mutants results in altered distribution of a transporter/channel/exchanger 

in the cilia axoneme and subsequently leads to their aberrant function.  The precedent 

for this is established in the case of polycystin-1.  Polycystin-1 is required for flow 

induced calcium signaling mediated by deflection of the primary cilium on renal 

epithelium and recently, it has been shown that this flow induced calcium signal is 

similarly abrogated in perfused tubules from Tg737orpk mutants (37). 

Our expectation is that the loss or deformed cilia on cells of the CP may alter the 

function of proteins involved in ion transport and CSF production similar to what is 

occurring in renal epithelia of cystic kidney diseases.  It is interesting to speculate that 

similar defects might be occurring in the epithelia of other tissues (i.e. biliary duct and 

pancreatic duct) affected in the Tg737orpk mutants.  Thus, understanding how cilia 

organize directional ion transport and CSF production in CP may provide important 

insights into the pathogenesis of several other diseases involving cilia dysfunction.   

 The second event is likely the loss of cilia beat on the ependymal cells lining the 

ducts and ventricles.  Previous studies in mice, such as the Mdnah5 mutant, indicate that 

motile cilia do have important roles in CSF movement and that loss of these motile cilia 

lead to hydrocephalus. Based on our analysis of when and where motile cilia form in 

relation to the disease pathogenesis in the Tg737orpk mutants, it is likely that progression 

of the disease is exacerbated by impaired CSF movement through the ducts connecting 

the ventricles.  This would result in increased intracranial pressure, ventricular 

expansion and duct stenosis with rapid progression of the disease.   

Finally, our physiologic studies show that loss of normal function of the 

ciliogenic protein polaris in Tg737orpk mutant mice results in a lower steady state pHi 

and higher Na+ -dependent HCO3
- transport activity in CP. These changes are associated 



 Page 55 
 

with elevated levels of intracellular cAMP in the mutant tissue. Indeed, addition of a 

cAMP analogue was able to increase Na+-dependent HCO3
- transport in wild-type CP, 

while H-89 an inhibitor of cAMP mediated PKA activity was able to reduce HCO3
- flux 

in mutant tissue. We would like to evaluate in the future whether the alteration in 

cAMP-mediated effects on Na+/HCO3
- transport activity is associated with increased 

CSF production that could lead to development of hydrocephalus in these mice.   
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ABSTRACT 

Hydrocephalus is a progressive pathological condition characterized by excessive 

accumulation of cerebrospinal fluid (CSF) in the brain ventricles. The treatment 

strategies for this condition are fairly limited; a better understanding of the underlying 

pathomechanism is expected to provide novel therapeutic avenues. Cilia are complex 

organelles involved in sensory perception and fluid/cell movement. They are 

constructed through a highly conserved process called intraflagellar transport (IFT). 

Mutations in IFT genes, such as Tg737, result in severe developmental defects and 

disease including cystic kidney disease, and hydrocephalus. While cilia on the 

ependymal cells are motile and loss of motility has been associated with hydrocephalus, 

the function of cilia on the choroid plexus remains enigmatic. Our hypothesis is that 

cilia function is required for normal regulation of pathways governing CSF production 

and homeostasis.  Here, we explore the connection between cilia dysfunction and the 

development of hydrocephalus by using the Tg737orpk mutants. Our analysis indicates 

that cilia on ependyma of Tg737orpk mutant mice are severely malformed. These defects 

lead to disorganized beating and impaired CSF movement. However, the loss of the cilia 

beat and CSF flow is not the initiating factor, as the pathology is present prior to the 

development of motile cilia on these cells and CSF flow is not impaired at early stages 

of the disease. Rather, our results suggest that loss of cilia leads to altered function of 

the choroid plexus epithelium, as evidenced by elevated intracellular cAMP levels and 

increased chloride concentration in the CSF. To evaluate hydrocephalus association with 

defects in ion transport in Tg737orpk mice, we compared the steady-state pHi and Na+-

dependent transport activities of isolated CP tissues from Tg737orpk mutant and wild-

type mice. The data indicate that Tg737orpk mutant CP epithelium have lower pHi and 

higher Na+-dependent HCO3
– transport activity. In addition, wild-type choroid plexus 

epithelium could be converted to a mutant phenotype with regard to the activity of Na+-

dependent HCO3
– transport by addition of dibutyryl-cAMP and mutant choroid plexus 

epithelium toward the wild-type phenotype by inhibiting PKA activity with H-89. 

Together, these data suggest that cilia function is necessary for regulating ion transport 

and CSF production, as well as for CSF flow through the ventricles and that ciliary 

dysfunction in Tg737orpk mutants disrupts a signaling pathway leading to elevated 

intracellular cAMP levels and aberrant regulation of pHi and ion transport activity. 
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ABSZTRAKT  

A hidrokefalusz progresszív patológiai folyamat, melynek jellemzője a kóros 

folyadékgyülem az agykamra rendszeren belül. Gyógyításában reméljük, hogy a 

patomechanizmus mélyebb megismerésével hatékonyabb gyógyászati eszközökkel 

fogunk rendelkezni. A cíliumok összetett képletek, melyek többek között szerepet 

játszanak az érzékelésben, sejtmozgásban és anyagok/folyadék mozgatásában. A cílium 

ősi struktura, melynek  intraflagelláris transzportja (IFT) változatlan formaban maradt 

fenn az evolúció során. Az IFT fehérjék mutációja, így a Tg737 gén károsodása is, 

súlyos fejlődési rendellenességeket eredményez, mint a policisztás vesebetegség és a 

hidrokefalusz kialakulása Tg737orpk egerekben. Jelen célunk kideríteni, hogy a Tg737 

gén mutációja az ependíma,  valamint a choroid plexus (CP) cíliumokon miként okoz 

kóros folyadékgyülemet az agykamrákon belül a mutáns egerekben. Kutatási 

eredményeink arra utalnak, hogy a cíliumok a mutáns ependímán mind morfológiailag, 

mind funkcionálisan súlyosan károsodottak, de megfigyeltük, hogy a kóros 

folyadékgyülem és a kitágult kamrák már jelen vannak a motilis cílium megjelenése 

előtt, továbbá hogy az aqueduktusz is átjárható a betegség kezdeti stádiumában,  ami 

arra utal,  hogy más faktor(ok) indithatják a kórfolyamatot. Következő lépésként 

megvizsgáltuk mutáns és egészséges egerek CP-nak cAMP szintjét, mivel ez az 

intracelluláris molekula bizonyítottan szerepet játszik több transzport hámsejt ion–

szekréciójának szabályozásában, így a CP klór csatornájának működésében is. 

Kimutattuk, hogy  a CP intracelluláris cAMP szintje valamint a CSF klorid ion 

koncentrációja magasabb volt a mutáns állatokban. A továbbiakban megvizsgáltuk a 

CP-ok intracelluláris pH-ját, mely alacsonyabb, és a nátrium–dependens bikarbonát 

transzport aktivitását, ami  emelkedett volt a mutáns állatokban. Érdekes módon a vad 

típusú CP bicarbonát transzportere „mutáns” viselkedésűvé volt alakítható db-cAMP 

hozzáadásával, míg megfordítva, H-89 protein kináz A blokkoló használatával a mutáns 

szövet „vad típusúvá” volt alakítható. Ezek az eredmények arra utalnak, hogy a mutáns 

állatok CP-ában súlyos ion transzport zavarok állnak fenn. Összefoglalva, úgy 

gondoljuk, hogy a hidrokefalusz a Tg737orpk mutáns egerekben a cíliumok több szinten 

jelentkező működési zavarának az eredménye. A CP deformált cíliumai zavart okoznak 

az ion transzportban résztvevő fehérjék működésében valószínűleg a megváltozott 

intracelluláris jelátviteli láncolaton keresztül.   


