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Copyright © 2007 AHCPKN (protein kinase N; also called protein kinase C-related kinase (PRK-1)), is a serine/threo-

nine protein kinase that is ubiquitously expressed in several organs, including the brain.

PKN has a molecular mass of 120 kDa and has two domains, a regulatory and a catalytic

domain, in its amino-terminals and carboxyl-terminus, respectively. Although the role of PKN

has not been fully elucidated, previous studies have revealed that PKN is cleaved to a

constitutively active catalytic fragment of 55 kDa in response to apoptotic signals. Hydro-

cephalus is a pathological condition caused by insufficient cerebrospinal fluid (CSF) cir-

culation and subsequent excess of CSF in the brain. In this study, in order to elucidate the

role of PKN in the pathophysiology of hydrocephalus, we examined PKN fragmentation in

hydrocephalic model rats.

Hydrocephalus was induced in rats by injecting kaolin into the cisterna magna. Kaolin-

induced rats (n=60) were divided into three groups according to the observation period after

treatment (group 1: 3–6 weeks, group 2: 7–12 weeks, and group 3: 13–18 weeks). Sham-

treated control rats, injected with sterile saline (n=20), were similarly divided into three

groups. Spatial learning ability was estimated by a modified water maze test. Thereafter,

brains were cut into slices and ventricular dilatation was estimated. Fragmentation of PKN

was observed by Western blotting in samples collected from the parietal cortex, striatum,

septal nucleus, hippocampus, and periaqueductal gray matter.

All kaolin-induced rats showed ventricular dilatation. Most of them showed less spatial learn-

ing ability than those of sham-treated controls. In most regions, fragmentation of PKN had

occurred in a biphasic manner more frequently than that in controls. The appearance of PKN

fragmentation in periaqueductal gray matter was correlated with the extent of ventricular

dilation and spatial learning disability. These results revealed that PKN fragmentation was

observed in rats with kaolin-induced hydrocephalus, models for chronically-damaged brain

dysfunction, suggesting that persistent brain insult, such as apoptosis, had occurred in

these models. PKN fragmentation could be a hallmark for evaluating morphological and func-

tional damage of the hydrocephalus.
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I. Introduction

Hydrocephalus is a pathological condition caused by

insufficiency of cerebrospinal fluid (CSF) circulation and

subsequent excess of CSF in the brain. The main symptoms

of hydrocephalus include motor dysfunction, dementia and

urinary incontinence [16]; however, the mechanism by

which an excess of CSF causes these symptoms or how these

symptoms are compensated remains unclear.

PKN (protein kinase N), also called protein kinase C-

related kinase (PRK-1) [26], is a serine/threonine kinase



Okii et al.114

with a molecular mass of 120 kDa that is abundantly ex-

pressed in several organs, including the brain. In the brain,

the expression of PKN has been confirmed in the cerebel-

lum, hippocampus, limbic cortex, hypothalamus, ventral

tegmental area, substantia nigra, pars compacta, raphe neu-

rons, nucleus diagonal band, nucleus basalis, and lateral

dorsal tegmental nucleus [7].

PKN possesses a binding site for the small GTP-bind-

ing protein Rho in its amino-terminal region and belongs to

the family of Rho-activated kinases [1, 15, 29]. Rho partici-

pates in various cytoskeleton-dependent cell functions and

various cell adhesion events, such as cell migration, cell to

cell adhesion, cell morphology (cell rounding) and endoexo-

cytosis of vesicles [11]. Various cytoskeletal proteins have

been shown to be substrates of PKN in vitro, such as glial

fibrillary acidic protein (GFAP) and vimentin [17, 21].

PKN consists of catalytic and regulatory domains,

which are located in the carboxyl-terminal and amino-

terminal regions, respectively. It is well known that a vari-

ety of cellular stresses induce cleavage of PKN at a site

between the catalytic and regulatory domains. This process

allows the catalytic carboxyl-terminal region of PKN with

a size of 55 kDa to be constitutively active. Based on the

finding that cleavage of PKN is accelerated when the apop-

totic signaling pathway is activated [5, 26], it has been clari-

fied that PKN is proteolytically cleaved by caspase-3, the

final executor of apoptosis [5], or related proteases by apop-

totic stimulus. A constitutively active fragment has been

found to be generated not only in cultured cells [26] but

also in an ischemia/reperfusion model of the rat retina

[25] and brain [28]. It has also been reported that PKN

was accumulated in Alzheimer neurofibrillary tangles [12].

Although accumulating evidence suggests that PKN is in-

volved in the pathogenesis of various neurological disorders,

the physiological role of PKN in the central nervous system

has not been fully elucidated; especially, its role in hydro-

cephalus, chronic brain insult, remains unclear.

In the present study, to clarify how the pathological

state of hydrocephalus progresses or is compensated, we

investigated the role of PKN in this disorder, focusing on

the role of cleaved PKN in the pathophysiology of hydro-

cephalus.

II. Materials and Methods

Induction of hydrocephalus

We produced kaolin-induced hydrocephalus rats ac-

cording to methods described previously [27]. In brief, 60

adult Wistar rats (body weight of 250–300 g, purchased

from Seac Yoshitomi Ltd., Japan) were intraperitoneally

anesthetized with pentobarbital (40 mg/kg body weight),

and 0.03 ml–0.05 ml of 5% kaolin solution (Sigma Chemical

Co., St. Louis, MO) was manually injected into the cisterna

magna with the aid of an operating microscope [27].

The animals were divided into three experimental

groups according to the period after kaolin injection: 3–6

weeks after kaolin injection (group 1, n=15), 7–12 weeks

(group 2, n=30) and 13–18 weeks (group 3, n=15). The same

volume of sterile saline was injected in a similar manner into

control animals (n=20). These sham-treated control animals

were divided into the same manner as that of grouping for

kaolin-induced rats (group 1: n=6, group 2: n=8, group 3:

n=6).

Estimation of hydrocephalus

Rats with kaolin-induced hydrocephalus were deeply

and intraperitoneally anesthetized with pentobarbital (over

40 mg/kg) and then decapitated. Removed brain tissues were

cut into 2-mm-thick slices in coronal sections with a brain

slicer (RBS-2.0, Aster Industries Inc., Pittsburgh, PA, USA,

obtained from Neuroscience Inc., Tokyo, Japan). The mag-

nitude of ventricular dilatation was estimated in coronal

slices at the level where the anterior commissure clearly

appeared.

The magnitudes of ventricular dilatation were es-

timated by the ratio of lateral ventricle width (V) to full-

length of coronal slice (C) as shown in Figure 1A. V is the

width of the lateral ventricle at the levels of the Monro fora-

men (Fig. 1A). Average values of C and V, obtained from

sequential coronal sections in which the anterior commis-

sure was clearly identified, were used for calculating V/C.

Representative brain slices of control and hydro-

cephalic rat were stained by a Kluver-Barrera method and

are shown in Figure 1B.

All experiments were carried out according to the

guidelines of the Animal Welfare Committee of Hiroshima

University.

Estimation of spatial learning ability

Spatial learning ability of rats was estimated by a mod-

ified water maze test [13]. The maze was a circular, black

polyethylene swimming pool of 90 cm in diameter filled

with 20±1°C water to a depth of 30 cm. A transparent acryl

platform of 8 cm in diameter was submerged 1.0 cm under

the water surface level. It was randomly located in the center

of four equally-divided quadrant circles (target quadrant).

The test was performed as follows. In the first trial, a

flag was placed on the platform as a cue for spatial orienta-

tion. Each rat was placed in the pool in a quadrant circle that

was not adjacent to the target one. The rats swam freely in

the pool and usually found the platform within 60 sec. If the

rat could not find the platform, it was picked up and laid on

the platform for 120 sec in order to let it memorize the spa-

tial relationship between the platform and the pool. In the

second, third and fourth trial, the flag was removed from the

platform and rats were tested in a similar manner to the first

trial. In the fifth trail, the platform was removed and the rat

swam freely for 60 sec. Each trial was performed with five

minute intervals. Spatial learning ability was estimated by

two parameters. One was whether the rats could find the tar-

get platform in the second, third and fourth trials. In this

case, the results of water maze tests were classified into two

categories, “good ” if the rat could find the platform without

flags and “poor ” if the rat could not find the platform within
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three sequential trials. The other was the time spent in the

quadrant circles where the platform was placed, which was

estimated in the fifth trial and was represented as the ratio to

the total examination periods.

Immunoblotting

The methods used for immunoblotting are described in

our previous manuscripts [20, 23, 24]. Tissues of the parietal

cortex, striatum, hippocampus, periaqueductal gray matter,

and septal nucleus were collected from brain slices under

a stereoscopic microscope. Approximately 40 mg of each

sample was lysed with 400 µl ice-cold RIPA buffer (10 mM

Tris/HCl, pH 7.4, containing 1% Nonidet-40, 0.1% sodium

deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1

mM PMSF, 20 µg/mL leupepcine) and was sonicated (UR-

20P, Tomy Seiko, Tokyo, Japan; output, 4; duty, 50%) 15

times at 4°C. The samples were centrifuged at 15,000×g for

15 min at 4°C, and the supernatant was used for immuno-

blotting. Sixty µg protein of samples was subjected to 7.5%

SDS-PAGE, and the separated proteins were electrophoreti-

cally transferred onto a polyvinylidine difluoride (PVDF)

filter (Millipore, Bedford, MA, USA) [14]. Non-specific

binding to the PVDF filter was blocked by incubation with

5% skim milk and 5% normal goat serum in 0.01 M phos-

phate-buffered saline containing 0.03% Triton-X 100 (PBS-

T) for one hour. The filters were then incubated with a

primary antibody against PKN C-terminus (C6, diluted

1:4000), provided by Dr. H. Mukai [22], for one hour at

room temperature (RT). After washing with PBS-T, the fil-

ters were incubated with peroxidase-conjugated secondary

antibody against rabbit IgG (Jackson Immuno-Research

Laboratories, West Grove, PA, USA) for an additional one

hour. After three rinses, the immunoreactive bands were

visualized with a chemiluminescence detection kit (ECLTM

Western Blotting Detection Reagents, Amersham Bio-

sciences, Buckinghamshire, England) according to the man-

ufacturer’s standard procedure. The rAF3 protein, a recom-

binant PKN catalytic domain, corresponding to amino acid

numbers 561–942 of PKN [28], was expressed in COS7

cells, and was used as an internal control to confirm the

cleaved PKN fragment of 55 kDa. The same amount of pro-

tein samples containing rAF3 protein was applied in all ex-

periments. The density of the immunoreactive bands of 55

kDa was semi-quantitatively measured by NIH image soft-

Fig. 1. A. Methods for estimation of ventricle dilatation. The brain

was cut into 2-mm-thick slices in coronal sections with a brain

slicer as described in Materials and Methods. The magnitude of

ventricular dilatation was estimated in coronal slices at the level

where the anterior commissure clearly appeared. In sequential sec-

tions in which the anterior commissure was clearly observed, aver-

aged width of the lateral ventricle, indicated as V, and averaged

full-length of coronal slices, indicated as C, were measured. The

magnitude of ventricular dilatation was represented as V/C. B. Rep-

resentative coronal sections of hydrocephalic rat and control rat

(Kluver-Barrera stain).

Fig. 2. Representative results of immunoblotting revealing the

cleaved 55-kDa PKN fragment. Western blotting results of a sham-

treated rat brain (Lt) and a kaolin-induced rat brain (Rt) are shown.

Samples for immunoblotting were obtained 4 weeks after the kaolin

or sham treatment in this experiment. In sham-treated rats, no or

faint fragments of 55-kDa PKN were seen, while the fragments

were clearly observed in kaolin-induced rats as indicated by the

arrowhead. The molecular size of the fragment corresponds to that

of the internal control, recombinant PKN catalytic region that was

expressed in COS-7 cells (rAF3).
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ware. When the density of the 55-kDa band was 0.05-times

larger than that of the internal control, the cleaved PKN frag-

ment was considered to exist (yes).

Representative results of immunoblotting revealing the

cleaved PKN fragment of 55 kDa are shown in Figure 2.

III. Results

Treatment with kaolin induced dilatation of the ventricle 

(Fig. 3)

First, we examined whether treatment with kaolin in-

duced prominent hydrocephalus in our experimental condi-

tions. As shown in Figure 3, kaolin treatment induced signif-

icant dilatation of the ventricle in all periods after injection

of the drug compared with that in the control sham-treated

group. Based on these findings, we used these kaolin-in-

duced rats as reliable hydrocephalus models in later studies.

Kaolin treatment resulted in generation of PKN fragments 

with a molecular mass of 55 kDa (Table 1)

We examined dissected samples of the parietal cortex,

striatum, hippocampus, septal nucleus and periaqueductal

gray matter prepared from kaolin-induced and sham-treated

rats. As shown in Table 1, in sham-treated control rats, PKN

fragments of 55 kDa were rarely observed in most of the re-

gions and periods examined except in the hippocampus. In

the hippocampus, 30–40% of the samples contained frag-

mented PKN in all periods. In contrast, in kaolin-induced

rats, 55-kDa PKN fragments were more frequently seen in

the parietal cortex, hippocampus, septal nucleus and peri-

aqueductal gray matter, compared with matched control

sham-treated rats. (Statistical significance is indicated as

“a” in Table 1.)

The rate of appearance of PKN fragments seemed to be

less in the period of 7–12 weeks after kaolin injection than in

the periods of 3–6 weeks and 13–18 weeks. In the parietal

cortex, striatum and, the rate of appearance in the period of

7–12 weeks was significantly less than that in the period of

3–6 weeks after kaolin injection. (Statistical significance is

indicated as “b” in Table 1.) The same tendency was ob-

served in other regions, although statistical significance was

not obtained. These results indicate that appearance of PKN

fragments was biphasic.

Spatial learning ability was impaired in kaolin-induced rats 

(Fig. 4)

Spatial learning ability was accessed by simplified

methods using a water maze as described in Materials and

Methods. As shown in Figure 4, the time spent in the quad-

rant circles where the platform was placed, was significantly

decreased in kaolin-induced rats of groups 2 and 3, com-

pared with those in age-matched controls. This finding sug-

gests that spatial learning ability was worsened in kaolin-

induced rats. Also, spatial learning ability of rats in group

3 was significantly lower than those in group 2.

To exclude the possibility that the performance in the

water maze test was influenced by motor function of rats,

we compared the swimming speeds of kaolin-induced and

sham-treated rats. The swimming speeds of sham-treated

control rats, kaolin-induced rats in group 2 and 3 were

23.1±5.2 (n=18), 23.4±3.5 (n=15) and 24.0±4.2 (n=15)

cm/sec (mean±S.E.M), respectively, with no significant

Fig. 3. Ventricular dilatation induced by injection of kaolin. In all

groups, the magnitudes of ventricular dilatation of kaolin-treated

rats were significantly larger than those of sham-treated rats.

(*p<0.01, compared to sham-treated rats, **p<0.05, compared to

sham-operated rats, unpaired t-test). Data represent means±SEM.

Fig. 4. Spatial learning ability of kaolin-induced and sham-treated

rats. Spatial learning ability was evaluated by the time spent in the

quadrant circles where the platform was placed as described in

Materials and Methods. Spatial learning ability was significantly

decreased in kaolin-induced rats (*p<0.01, compared to sham-

treated rats, unpaired t-test). Also, the ability of rats in group 3 was

significantly lower than that in group 2, both in the case of kaolin-

induced and sham-treated rats (#,§p<0.05, compared to group 2

sham-treated or kaolin-treated rats, respectively, unpaired t-test).

Data represent means±SEM.
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difference between values for control and kaolin-induced

rats, indicating that swimming ability did not differ. In this

study, rats in group 1 were not subjected to the water maze

test in order to exclude the possibility that surgical damage

affects the results of the test.

Appearance of PKN fragments in periaqueductal gray matter 

of kaolin-induced rats was correlated with the extent of 

ventricular dilatation (Fig. 5)

The correlation between ventricular dilatation and ap-

pearance of 55-kDa PKN fragments was examined using

data obtained from kaolin-induced rats in groups 1, 2 and 3.

As shown in Figure 5, rats which had PKN fragmentation in

the periaqueductal gray matter revealed significantly larger

magnitude of ventricular dilation than rats which had no

Table 1. Presence or absence of 55-kDa PKN fragments in different regions of brain in kaolin-induced and sham-treated rats

Samples were prepared from the parietal cortex, striatum, hippocampus, septal nucleus and periaqueductal gray matter of kaolin-induced and

sham-treated rats. The appearance of PKN fragments with a molecular mass of 55 kDa was estimated by Western blotting using an anti-PKN

antibody against its C-terminus as described in Materials and Methods. “No” or “Yes” represents the presence or absence of 55-kDa PKN frag-

ments in the samples, respectively. The appearance of PKN fragments were compared between kaolin-induced and sham-treated rats in each

group and also among groups. Statistical significance was estimated using Fisher’s exact probability test. P value less than 0.05 was considered

to be statistically significant. In each group, significant difference (p<0.05) between kaolin-induced and age-matched sham-treated rats is indi-

cated as “∗” in the table. Significant difference (p<0.05), compared with kaolin-induced rats in group 1 is indicated as “∗∗”. “Yes/total (%)” the

rate of appearance of 55-kDa PKN fragments in each group.

In sham-treated rats, PKN fragmentation was rarely seen in most regions except the hippocampus. In kaolin-induced rats, samples of the parietal

cortex, hippocampus, septal nucleus and periaqueductal gray matter contained 55-kDa PKN fragments more frequently than did samples of these

brain regions from age-matched sham-treated control rats (∗). In kaolin-induced rats of group 2, 55-kDa PKN significantly appeared less fre-

quently in parietal cortex and striatum samples than in samples of the same brain regions from rats in group 1 (∗∗).

Group
Group 1 (3–6 W) Group 2 (7–12 W) Group 3 (13–18 W)

Kaolin-induced Sham-treated Kaolin-induced Sham-treated Kaolin-induced Sham-treated

Parietal cortex

55-kDa PKN fragments

No 5 6 20 7 9 5

Yes 7 0 1 0 1 0

Yes/total (%) 58 0 5 0 10 0

Statistical significance ∗ ∗∗ ∗∗

Striatum

55-kDa PKN fragments

No 4 5 15 6 5 5

Yes 9 1 5 0 5 0

Yes/total (%) 69 20 25 0 50 0

Statistical significance ∗ ∗∗

Hippocampus

55-kDa PKN fragments

No 0 4 5 4 0 3

Yes 13 2 16 3 10 2

Yes/total (%) 100 33 76 43 100 40

Statistical significance ∗ ∗

Septal nucleus

55-kDa PKN fragments

No 2 5 8 4 2 4

Yes 6 0 11 2 8 1

Yes/total (%) 75 0 58 33 80 20

Statistical significance ∗ ∗

Periaqueductal gray matter

55-kDa PKN fragments

No 3 5 11 6 3 4

Yes 7 0 9 1 7 1

Yes/total (%) 70 0 45 14 70 20

Statistical significance ∗
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fragmentation (p<0.05, unpaired t-test). In regions other

than the periaqueductal gray matter, there was no significant

correlation between ventricular dilatation and appearance of

PKN fragments. These results suggest that PKN fragmenta-

tion occurred in accordance with ventricular dilatation, at

least in the periaqueductal gray matter.

Fig. 5. Correlation between ventricular dilatation and PKN fragmentation in kaolin-induced rats. The correlation between the appearance of

PKN fragmentation and the magnitude of ventricular dilation is shown. The magnitude of ventricular dilation was significantly greater in rats

that had PKN fragmentation in periaqueductal gray matter, compared to those that had no fragmentation in the area (*p<0.01, unpaired t-test).

Digits represent the number of examinations. Data represent means±SEM.

Fig. 6. Correlation between special learning and PKN fragmentation in kaolin-induced rats. Spatial learning ability was evaluated by the time

spent in the quadrant circles where the platform was placed, as described in Materials and Methods. The ability was significantly worsened in

rats with PKN fragmentations of periaqueductal gray matter, compared to those without them (*p<0.01, unpaired t-test). Digits represent the

number of examinations. Data represent means±SEM.



Fragmentation of PKN in Hydrocephalus 119

Appearance of PKN fragments in periaqueductal gray matter 

of kaolin-induced rats was correlated with spatial learning 

ability (Table 2) (Fig. 6)

The correlation between results of the water maze test

and appearance of 55-kDa PKN fragments was also exam-

ined using data obtained from kaolin-induced rats in group 2

and 3. As shown in Table 2, in the periaqueductal gray mat-

ter, 55-kDa PKN fragments were more frequently observed

in kaolin-induced rats with “poor ” results of the water maze

test than in those with “good ” results (indicated as (a),

p<0.05, Fisher’s exact probability test). In addition, spatial

learning ability, which was estimated by the time spent in

the target quadrant circles in the fifth trial as described in

Materials and Methods, was significantly lower in rats with

55-kDa PKN fragments of periaqueductal gray matter than

those without them (Fig. 6). There was no significant corre-

lation between spatial learning ability and appearance of

PKN fragments in brain regions other than periaqueductal

gray matter. These results suggest that PKN fragmentation

in the periventricular region could be a hallmark of impaired

spatial learning ability in kaolin-induced rats.

IV. Discussion

Adequacy of kaolin-induced rat used in our study as a model 

for hydrocephalus

In this study, kaolin-induced rats survived with persis-

tent ventricular dilatation up to 18 weeks. To our knowl-

edge, there are only a few reports that observe the extent of

ventricular dilatation for an extended period of time after

kaolin treatment [2, 10]. However, the ventricular dilatation

seemed to progress mildly in our kaolin-induced rats com-

pared with that in previously reported kaolin-induced

models [3]. This difference may be due to the amount of

injected kaolin used in our experiments because the pro-

gression of hydrocephalus is affected by inflammatory

damage of the subarachnoid space, which is defined by the

amount of injected kaolin. In the prototype kaolin-induced

hydrocephalic rats [3], 0.05 to 0.1 ml of 5% kaolin was used

while we used 0.03 to 0.05 ml of 5% kaolin, which probably

caused the relatively mild damage to circulation of cerebro-

spinal fluid. In addition, it has been pointed out that ventri-

cular dilatation was affected by the age of rats used. Ding

et al. reported that more prominent hydrocephalus was in-

duced by kaolin in 6-week-old rats than in 10-week-old rats

[3]. In our experiments, we used 10-week-old rats, which

would be another reason why our model showed mild ven-

tricular dilatation.

In spite of the mildness of ventricular dilatation, our

rats showed apparent impairment in spatial learning ability

in addition to morphological change in brain architecture.

These findings are comparable with symptoms commonly

seen in patients with acquired hydrocephalus, suggesting

that the kaolin-induced rats used in our study are adequate

models for hydrocephalus. Furthermore, our model is suit-

able for long-term observation of PKN fragmentation in

response to chronic brain damage because mild ventricular

dilatation allows rats to survive for an extended period of

time.

PKN fragmentation

In the present study, appearance of PKN fragments per-

sisted for up to 18 weeks (126 days) after injection of kaolin.

In a previous study, Ueyama et al. observed PKN fragmen-

tation up to 28 days after experimental ischemic insult [28].

Chronic damage caused by hydrocephalus may induce per-

sistent PKN fragmentation. It is notable that PKN fragmen-

tation occurs not only via acute brain damage such as is-

chemia but also via chronic damage such as hydrocephalus

as shown in this study. In addition, our results led to the pos-

sibility that chronic brain damage caused by hydrocephalus

induces persistent apoptosis because PKN fragmentation is a

possible hallmark of apoptosis [5, 25, 26].

As shown in Table 1, PKN fragmentation appeared in a

biphasic pattern in kaolin-induced rats although it was ob-

served throughout the period examined; that is, the transient-

Table 2. Relationship between results of water maze test and PKN

fragmentation in kaolin-induced rats

The correlation between results of the water maze test and appear-

ance of 55-kDa PKN fragments was examined. The appearance of

55-kDa PKN fragments in each brain region is redistributed in

accordance with results of the water maze test defined in Materials

and Methods. A comparison was made between groups with poor

and good results. The statistical significance was estimated using

Fisher’s exact probability test. In periaqueductal gray matter, 55-

kDa PKN fragments appeared more frequently in kaolin-induced

rats with poor results than in those with good results (p<0.05, indi-

cated as “∗”). In other brain regions, no statistically significant dif-

ference was observed.

Parietal cortex
Water maze test

poor good

Parietal cortex

55-kDa PKN fragments

No 5 12

Yes 1 1

Striatum

55-kDa PKN fragments

No 4 9

Yes 2 4

Hippocampus

55-kDa PKN fragments

No 0 3

Yes 6 10

Septal nucleus

55-kDa PKN fragments

No 1 3

Yes 5 8

Periaqueductal gray matter ∗

55-kD PKN fragments

No 1 10

Yes 5 3
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ly elevated rate of PKN fragment appearance decreased dur-

ing a period from 6 to 12 weeks after kaolin injection and

then increased again during the period from 13 to 18 weeks

after the treatment. Since ventricular dilatation did not show

such a pattern, this biphasic pattern seen in the appearance of

PKN fragmentation is not due to improvement of hydro-

cephalus. One possible explanation is that the origins of

PKN fragments detected during the early and later periods

after kaolin injection are different. According to a report by

Sumioka et al., PKN fragments, which were thought to be

derived from neuronal cells, started to appear 3–5 days after

transient ischemic insult of the retina [25]. In contrast,

Ueyama et al. reported that PKN fragmentation, which

was thought to be derived from microglia, start to be ele-

vated at 5 days but was sustained at high levels up to 28

days after transient middle cerebral artery occlusion [28].

These findings suggest that PKN fragments, which were

seen in the later phase in our experiments, may originate

from microglia. Another possible explanation is that the

brain region affected by kaolin-induced hydrocephalus

depends on the period after treatment. In the early period,

brain damage is caused by high intracranial pressure. How-

ever, after intracranial pressure is compensated, chronic

hydrocephalus with normal pressure influences the brain

damage in the later period [4, 6, 8, 9, 18, 19]. That would

be another possible reason why the PKN fragmentation

occurred in a biphasic manner.

Correlation of PKN fragmentation with ventricular dilatation 

and functional impairment

We investigated the relationship between PKN frag-

mentation and impairment that were morphologically and

functionally observed in this study in order to elucidate

which parameters of hydrocephalus are correlated with

regional PKN fragmentation. As shown in Figures 5, 6 and

Table 2, PKN fragmentation in periaqueductal gray matter

was correlated with extent of ventricular dilatation and im-

paired spatial learning ability. Periaqueductal gray matter

may be the region most vulnerable to hydrocephalus because

it is very close to the cerebral aqueduct. These results sug-

gest that PKN fragmentation in this area is a hallmark for es-

timating the extent of ventricular dilatation and impairment

of spatial learning ability, although it is unlikely that periaq-

ueductal gray matter is involved in the formation of spatial

learning. In addition, as shown in Figure 4, spatial learning

ability was significantly decreased by aging. Furthermore, in

periaqueductal gray matter of sham-treated control rats, ap-

pearance of PKN fragmentation tended to increase in accor-

dance with aging (Table 1). This might be another reason

why PKN fragmentation was correlated with spatial learning

ability in this area.

Contrary to our expectation, PKN fragmentation in the

hippocampus, the function of which is involved in spatial

learning, was not correlated with any parameters of hydro-

cephalus. As shown in Table 1, PKN fragmentation oc-

curred at a relatively high rate even in hippocampus of con-

trol sham-treated rats. That would mask its direct correlation

with spatial learning ability.

V. Conclusion

PKN fragmentation was observed in rats with kaolin-

induced hydrocephalus, a chronically-damaged model of

brain dysfunction, suggesting that persistent cellular pro-

cesses, such as apoptosis, occurred in these models. PKN

fragmentation could be a hallmark for evaluating morpho-

logical and functional damage caused by hydrocephalus. In

the present study, the physiological roles of PKN fragmenta-

tion in hydrocephalus were not elucidated. Therefore, at

present, it is not clear whether fragmented PKN is a factor

that exacerbates or improves the progression of hydro-

cephalus. Studies using knockout mice would help to

resolve these issues.

In conclusion, the present findings provide new in-

sights into the pathophysiological understanding of hydro-

cephalus.
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