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Abstract: Spontaneous hhy mice show hydrocephalus and subcortical heterotopia, and a mutation in the Ccdc85c 
gene has been identified. To contribute to the comparison of the role of Ccdc85c in different species, we established 
a Ccdc85c KO rat and investigated its pathological phenotypes. Ccdc85c KO rats were produced by genomic 
engineering using transcription activator-like effector nuclease (TALEN). The KO rats had an approximately 350-bp 
deletion in Ccdc85c and lacked CCDC85C protein expression. The KO rats showed non-obstructive hydrocephalus, 
subcortical heterotopia, and intracranial hemorrhage. The KO rats had many pathological characteristics similar 
to those in hhy mice. These results indicate that CCDC85C plays an important role in cerebral development in rats, 
and the function of CCDC85C in the cerebrum are similar in rats and mice.
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Introduction

The hemorrhagic hydrocephalus (hhy) mouse is a 
spontaneous mutant with non-obstructive hydrocephalus, 
subcortical heterotopia and frequent brain hemorrhage 
[11]. a previous study [16] revealed that the hhy homo-
zygous mouse has a mutation in the coiled-coil domain 
containing 85c (Ccdc85c) gene and lacks protein expres-
sion of CCDC85C. The lack of CCDC85C expression 
in hhy homozygous mice results in abnormal migration 
of radial glia, the formation of subcortical heterotopia, 
and ependymal agenesis, leading eventually to hydro-
cephalus. Thus, the function of CCDC85C is considered 

to be closely correlated with the maintenance of neural 
progenitor cells and neurogenesis in the central nervous 
system.

To definitively determine the function of Ccdc85c, 
different species of animal model with the Ccdc85c gene 
knocked out (Ccdc85c Ko) would be useful. Many stud-
ies have reported that genetically engineered rats show 
a phenotype closer to humans than do mice, such as 
adenomatous polyposis coli (Apc) Ko rats and Dna-
PKcs (Prkdc) Ko rats [2, 15]. Therefore, analyzing gene 
function in multiple species is important in clarifying 
the universal and species-specific functions of the caus-
ative gene.
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in this study, we established Ccdc85c Ko rats and 
investigated their pathological phenotypes to compare 
them with those of hhy mice.

Materials and Methods

Establishment of Ccdc85c knockout rats by TALEN
Ccdc85c-deficient rats were established by genetic 

engineering using a highly active variant of transcription 
activator-like effector nuclease (TaLen), Platinum 
TaLen [20]. Platinum Ccdc85c TaLen, designed 
against rat Ccdc85c (nC_005105.4; nCBi), was con-
structed as previously described [20]. Briefly, DNA-
binding repeats of TaLen were assembled using the 
two-step Golden Gate cloning method to bind the se-
quences 5’-TGGCGaaGCCCCCGGCG-3’ (left) and 
5’-TCCGaCGCCGCCGCCGC-3’ (right). The mrna 
of left and right Platinum Ccdc85c TaLen was synthe-
sized and injected into F344 rat zygotes. Platinum 
Ccdc85c TaLen-injected embryos were transferred into 
the oviducts of two pseudopregnant female rats. F0 rats 
were mated with control F344 rats. Then F1 male rats 
were mated with F1 female rats in each mutant lineage. 
on the basis of the clinical symptoms of the F2 rats, we 
chose lines to continue breeding. F2 rats and their off-
spring were used for genotyping, sequencing, histopa-
thology and immunohistochemistry.

All rats were maintained under specific-pathogen-free 
conditions in a room with a controlled temperature and 
a 12-h light-dark cycle at the animal Facility of osaka 
Prefecture university. Food and water were provided ad 
libitum. all rats were handled according to the Guide-
lines for animal experimentation of osaka Prefecture 
university.

Genotyping and sequencing
Genotyping was performed by polymerase chain reac-

tion (PCr) and the mutation site in Ccdc85c was identi-
fied by direct sequencing. Genomic DNA was extracted 
from tail or ear biopsies of rats using a KaPa express 
extract kit (nippon Genetics, Tokyo, Japan). PCr was 
performed with Tks GflexTM Dna Polymerase (Takara, 
Shiga, Japan). The primer sequences were 5’-CT-
GCCCaaTCaGaCCTGTG-3’ (forward primer; 
aaBr07065498; ensembl) and 5’-aGCaC-
CaGCTCTTTCaGCTC-3’ ( reverse  pr imer ; 
XM_001076332.2; nCBi). Since the reference genome 
of the rat is incorrect at the Ccdc85c locus, the sequence 
upstream of the start codon was obtained from 
aaBr07065498, and the sequence after the start codon 
from XM_001076332.2. The PCr conditions were 1 
cycle of 94°C for 1 min and 28 cycles of 98°C for 10 s, 

60°C for 15 s, and 68°C for 30 s. PCr products were 
analyzed by electrophoresis in 3% agarose gels. The PCr 
products from each genomic Dna were directly se-
quenced. Sequence analysis was performed at Macrogen 
Japan Co. (Kyoto, Japan).

Histopathology
For histopathological analysis, homozygous (Ccdc85c 

Ko) rats at four weeks of age (4w), wild type (wT) at 
4w and 17w, and heterozygous (hetero) rats at 17w 
were used. The rats were euthanized by isoflurane and 
the visceral organs removed and fixed in 10% neutral 
buffered formalin. The fixed tissues were processed by 
the routine method, embedded in paraffin wax, cut into 
3-µm sections and stained with hematoxylin and eosin 
(he). in addition, the duodenum was removed to test for 
the expression of CCDC85C protein immunohistochem-
ically, embedded in TiSSu MounT® (Chiba Medical, 
Saitama, Japan), rapidly frozen and stored at −80°C to 
await the preparation of frozen sections as previously 
described [25]. in our previous study [25], we found that 
the expression of CCDC85C protein decreased with the 
development of the organs, whereas the intestine con-
tinued to express CCDC85C protein even at postnatal 
day 60 (P60). Therefore, the expression of CCDC85C 
protein was evaluated in the duodenum.

Production of rabbit polyclonal anti-rat CCDC85C 
antibody

a segment of rat CCDC85C consisting of the C-ter-
minal 187 residues (serine-119 to leucine-305) was ex-
pressed as a Glutathione S-transferase (GST)-fusion 
protein in Escherichia coli DH5α (XM_006240553.1, 
XP_006240615.1; nCBi). using this protein, a rabbit 
polyclonal anti-rat CCDC85C antibody was produced at 
eve Bio-Science Co., Ltd. (wakayama, Japan) as previ-
ously described [25].

Immunohistochemistry
For immunofluorescence staining, 10-µm frozen sec-

tions of duodenum were cut on a cryostat and air-dried 
at room temperature for 1 h. The tissue sections were 
fixed in Zamboni’s solution (0.21% picric acid, 2% para-
formaldehyde) for 15 min at room temperature. The 
sections were then washed with 0.3% Triton X-100 in 
phosphate-buffered saline for 15 min, treated with 10% 
normal goat serum (Sigma, St. Louis, Mo, uSa) for 30 
min, and incubated with rabbit polyclonal antibody 
against rat CCDC85C (1:100,000) at 4°C overnight. The 
sections were incubated with alexa488-labeled anti-
rabbit igG secondary antibody (1:1,000; Life Technolo-
gies, Carlsbad, Ca, uSa) for 45 min at room tempera-
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ture and coverslipped with mounting medium containing 
DaPi (Vector Laboratories, Burlingame, Ca, uSa). 
Signals were detected with a confocal imaging system 
(C1Si; nikon, Tokyo, Japan).

Results

Establishment of Ccdc85c knockout rats
nine F0 rats were obtained from two female rats. By 

direct sequencing, it was found that there were different 
mutations in each of the nine rats at the TaLen targeting 
site (data not shown). Three F0 rats died before mating; 
the cause of death in these rats could not be determined. 
in the observation of the general symptoms of the F2 
rats, some rats derived from one rat line showed an en-
larged head macroscopically. rats of this lineage were 

maintained for use in further experiments.
in the PCr for genotyping, PCr products from unaf-

fected rats showed two patterns: one band at 942 bp, and 
two bands at 942 bp and around 600 bp (Fig. 1a). unaf-
fected rats with one band were judged to be wT and 
unaffected rats with two bands were judged to be het-
erozygous. in contrast, the PCr products from rats with 
an enlarged head were around 600 bp, and were therefore 
about 350 bp shorter than the 942-bp product from wT 
rats (Fig. 1A). Thus, affected rats were judged to be ho-
mozygous. Genotyping revealed that only homozygous 
rats exhibited macroscopic abnormality.

To test for CCDC85C protein expression, we per-
formed immunofluorescence staining for CCDC85C in 
the duodenum using a polyclonal antibody against rat 
CCDC85C protein. expression of CCDC85C at the api-

Fig. 1. PCr products from genomic Dna of Ccdc85c(a). Ccdc85c Ko rats have an approximately 350-bp deletion 
in Ccdc85c. Immunofluorescence staining for CCDC85C protein in the duodenum (B–D). CCDC85C is 
expressed in the epithelial cells in wild type (wT) (C) and heterozygous (D) rats at 17w. CCDC85C expres-
sion was not observed in Ccdc85c Ko rats at four weeks of age (4w) (B). Scale bar, 25 µm. Sequences of 
the wT and Ccdc85c Ko rat PCr products (e). a 355-bp genomic sequence encompassing exon 1 is de-
leted in Ccdc85c Ko rats (g. 132,183,075-132,183,429del355; nCBi nC_005105.4).
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cal junctions of epithelial cells was detected in unaf-
fected rats (Figs. 1C and D) but not in rats with an en-
larged head (Fig. 1B). on the basis of PCr genotyping 
and immunofluorescence analysis, we consider the af-
fected rats to be Ccdc85c Ko rats.

To identify the mutations of the TaLen targeting site 
in Ccdc85c, PCr products from this site were directly 
subjected to Dna sequencing analysis. we found that a 
355-bp genomic sequence encompassing exon 1 was 
deleted in affected rats  (g.  132,183,075–
132,183,429del355; nCBi nC_005105.4) (Fig. 1e).

At the time of finalizing the data used in this paper, 
73 rats had been obtained, among them 12 Ccdc85c Ko, 
19 wT and 42 hetero rats. Thus, the incidence of Ccdc85c 
KO rats was 16.4% and that of unaffected rats was 
83.6%. This segregation ratio is lower than the expected 
1:3 ratio (χ2=2.85; P=0.09). Prior to genotyping, young 
rats in poor condition were killed by the mother.

Pathological phenotypes in Ccdc85c KO rats
in Ccdc85c Ko rats, enlargement of the head was 

observed from around P14 and became prominent at P30 
(Figs. 2a and B). Ccdc85c KO rats showed difficulty in 
walking and most of them died around P30. necropsy 
revealed that all 12 Ccdc85c Ko rats had hydrocephalus 
(enlarged cranium with thin cranial bones; Fig. 2C), ac-
cumulation of cerebrospinal fluid, attenuated cerebral 
parenchyma (Figs. 2D and G) and severe dilatation of 
the lateral ventricles (Fig. 2G). intracranial hemorrhage 
was observed in 4 (33%) out of 12 Ccdc85c Ko rats, 
which were dead or moribund (Figs. 2e and F). in con-
trast, wT and hetero rats did not show any clinical symp-
toms or pathological abnormality.

histopathologically, brains of Ccdc85c Ko rats at 4w 
exhibited dilated lateral ventricles (Fig. 3a) lacking most 
of the ependymal cells (Fig. 3C), attenuated cerebral 
parenchyma (Fig. 3a) and subcortical heterotopia (Figs. 
4a and B). in Ccdc85c Ko rats, hemorrhage was ob-
served in the meninges (Fig. 3B). Dilatation of the lat-
eral ventricles was marked, while the third and fourth 
ventricles and aqueduct were not affected. Neither caus-
ative stenosis nor obstruction in the ventricular system 
was detected. ependymal cells were not present at the 
dorsal or lateral position of the lateral ventricles. no 
abnormality was observed in the choroid plexus. The 
subcortical heterotopia of Ccdc85c Ko rats was broadly 
distributed and located at the dorsal position of the lat-
eral ventricles (Fig. 4a). These histopathological fea-
tures of Ccdc85c Ko rats are similar to those of hhy 
mice.

Discussion

Ccdc85c KO rats as a new model of hydrocephalus 
and subcortical heterotopia

in this study, we have successfully established 
Ccdc85c Ko rats that had a 355-bp deletion in Ccdc85c 
accompanied by non-obstructive hydrocephalus, subcor-
tical heterotopia without ependymal cells in the dorsal 
or lateral position of the ventricles, and occasional in-
tracranial hemorrhage. These pathological characteristics 
are very similar to those of hhy mice [11]. hTX rats are 
known as a congenital hydrocephalus model [10], and 
hydrocephalus in hTX rats is caused by abnormal de-
velopment of the subcommissural organ followed by 
closure of the cerebral aqueduct; however, the causative 
gene is unknown [8, 9, 22]. as a spontaneous cortical 
heterotopia model, telencephalic internal structural het-
erotopia (tish) rats have been reported [12]. Tish rats 
show subcortical band heterotopia, which is associated 
with seizures. Subcortical band heterotopia in tish rats 
is caused by dysregulation of the positioning, number 
and cell-cycle kinetics of neural progenitor cells [4]. in 
contrast to these rat models, Ccdc85c Ko rats showed 
various pathological phenotypes simultaneously. There-
fore Ccdc85c Ko rats may serve as a novel, unique 
model of both congenital hydrocephalus and subcortical 
heterotopia.

These pathological characteristics of Ccdc85c Ko rats 
are very similar to those of hhy mice. in this study, all 
12 Ccdc85c Ko rats showed hydrocephalus and four of 
them also had intracranial hemorrhage. The frequency 
of intracranial hemorrhage (33%) was lower than in mice 
(87%) [11].The fact that the frequency of intracranial 
hemorrhage was lower than that of hydrocephalus in 
both species indicates that the intracranial hemorrhage 
followed the hydrocephalus. it is known that intracere-
bral hemorrhage causes secondary hydrocephalus in 
humans and subarachnoid hemorrhage model rats; how-
ever, hydrocephalus accompanied by hemorrhage has 
not previously been reported except in hhy mice [3, 5, 
7, 11, 13, 16]. The intracranial hemorrhage in Ccdc85c 
Ko animals is presumed to be secondary, but elucidating 
the pathogenesis of the hemorrhage in Ccdc85c mutants 
may contribute to novel findings about intracranial hem-
orrhage.

Pathogenesis of the lesions in Ccdc85c KO rats
This study leaves unclear the pathogenesis of the non-

obstructive hydrocephalus in Ccdc85c Ko rats. Because 
of the comparatively low frequency of intracranial hem-
orrhage (33%), we considered that hydrocephalus in 
Ccdc85c Ko rats was not secondary to the intracranial 
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hemorrhage. There were no ependymal cells in the dor-
sal or lateral position of the ventricles in the Ccdc85c 
Ko rats. in hhy mice, this pathological change is con-
spicuous and is considered to be caused by ependymal 

agenesis [16]. it is known that ependymal cell abnormal-
ity causes hydrocephalus by inhibiting ependymal flow 
[6, 26]. Taken together, these findings support the hy-
pothesis that hydrocephalus in Ccdc85c Ko rats is di-

Fig. 2. Macroscopic phenotype of Ccdc85c Ko rats at four weeks of age (4w). Ccdc85c Ko rats showed enlarged 
heads (a and B, arrowheads). hydrocephalus causes skull thinning (C) and attenuated cerebral parenchyma 
(D, arrowheads). intracranial hemorrhage is observed in some Ccdc85c Ko rats (e, arrowhead: hemorrhage 
at temporal region, F: severe hemorrhagic case; blood clot covered the whole cerebrum). Dilated lateral 
ventricles (asterisks) and attenuated cerebral parenchyma (arrow) are observed in coronally sliced brain 
(G). Scale bars, 1 cm.
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rectly related to the agenesis of ependymal cells. how-
ever, to demonstrate this, we should investigate whether 
or not the lack of ependymal cells in Ccdc85c Ko rats 
is a primary change.

Ccdc85c Ko rats showed subcortical heterotopia for-
mation and ependymal cell agenesis. Subcortical hetero-
topia is characterized by the presence of neurons that do 
not complete their migration [21]. Cerebral cortex is a 
tissue in which orderly layers of laminated neurons are 
generated during development. This neuronal lamination 
in the cerebral cortex is known to be disrupted by abnor-
malities of various factors such as cell adhesion mole-
cules, cell polarity molecules and signaling molecules 
[14, 17, 23, 28, 29]. ependymal precursors are derived 
from radial glial cells that become neural stem cells on 
the ventricular surface [24]. in hhy mice, the agenesis of 
ependymal cells occurs in the paramedio-dorsal position 
of the subcortical areas, where subcortical heterotopia 
develops both in the Ccdc85c Ko rats of the present 
study and in hhy mice. recently, the proper development 

of medial wall ependymal cilia was shown to be impor-
tant for normal brain development, and dysfunction of 
ependymal cells was suggested to cause an aqueductal 
disturbance, leading to hydrocephalus in Ccdc39 mutant 
mice [1]. Therefore our present results indicate that 
CCDC85C in rats as well as in hhy mice plays an impor-
tant role in neurogenesis in the cerebrum of rats, and the 
lack of it causes abnormal neuronal migration.

in the previous study in rats [25], CCDC85C expres-
sion was especially strong in the small intestine, cere-
brum, cerebellum and eye. Morphological maturation 
occurs in the small intestine by P42, the brain by P21, 
and the retina by P25 [18, 19, 27]. in the present study, 
Ccdc85c Ko rats had abnormalities in the cerebrum but 
no malformations in the small intestine or cerebellum. 
By heterozygous mating, the observed value (16.4%) 
was lower than the expected frequency of homozygous 
pups (25%). Since neonatal rats in poor condition were 
killed by the mother, the actual incidence is expected to 
be close to 25%. Therefore, it is likely that the defi-

Fig. 3. histopathological analysis of hydrocephalus in Ccdc85c Ko rats. he stained sections of cerebrum in Ccdc85c 
KO rats at four weeks of age (4W) (A–C) and unaffected rats at 4W [D: wild type (WT)] or at 17W (E: WT, 
F: hetero). Lateral ventricles are dilated in Ccdc85c Ko rats (a, asterisks). atrophied cerebral parenchyma 
is also observed (a, arrow). hemorrhage is mainly located at meninges (B). Lateral ventricles are lined by 
ependymal cells in WT rat and hetero rat (D–F, arrowheads). There are no ependymal cells at the lateral 
ventricles in Ccdc85c Ko rats (C). Scale bar of a, 1 mm, scale bar of B, 50 µm, scale bar of C–F, 25 µm.
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ciency of CCDC85C protein was not lethal to the fetus. 
These results imply that the function of CCDC85C in 
organ maturation is more important in the cerebrum than 
in other organs.
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