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Abstract

Purpose The goal of this study was to identify direct cerebro-
spinal fluid (CSF) pathways in the interface between ventri-
cles and cisterns. Such routes are hypothesized to be involved
in alternative CSF flows in abnormal circumstances of CSF
circulation.

Methods Chronic obstructive hydrocephalus models were in-
duced in ten Sprague—Dawley rats with kaolin injection into
the cisterna magna. Three weeks after the kaolin injection,
when thick arachnoid fibrosis obliterated the fourth ventricu-
lar outlets, cationized ferritin was stereotactically infused as a
tracer into the lateral ventricle in order to observe the path-
ways from the ventricles to the subarachnoid space. Animals
were killed in 48 h and brains were sectioned. CSF flow path-
ways were traced by the staining of ferritin with ferrocyanide.
Results Eight out of ten rats developed hydrocephalus. The
subarachnoid membranes of the convexity and basal cisterns
were severely adhered such that most of the ferritin remained
in the ventricles whereas basal and convexity cisterns were
clear of ferritin. In six out of the eight hydrocephalus rats,
ferritin leaked from the third ventricle into the quadrigeminal
cistern, and from the lateral ventricle into the ambient cistern.
Conclusions The interfaces between the third ventricle and
the quadrigeminal cistern, and between the lateral ventricle
and the ambient cistern appear to be alternative CSF pathways
in a pathologic condition such as obstructive hydrocephalus.
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Introduction

Circulation of cerebrospinal fluid (CSF) can be understood
from the perspective of fluid dynamics. CSF flow comprises
two different mechanisms. Bulk flow is driven by arterio-
venous pressure gradients and arterial pulsations traversing
the ventricular system in a caudal direction toward the
brainstem apertures. From there, the subarachnoid CSF flow
can be bidirectional: either descending to the spinal cord or
ascending to the dorsal and rostral parts of the brain [1]. The
laminar flow occurs only inside the ventricular system in a
very thin layer along the walls in a variety of directions and
is driven by the beating of cilia of local ependymal cells.
Interruption of either the bulk or laminar flow results in hy-
drocephalus [2].

Contrary to this classical pathway, some studies have sug-
gested that there are additional CSF pathways. In several an-
imal experiments, peptides and other potentially neuroactive
compounds have been administered into the ventricles and
have been shown to affect CNS functions within minutes [3,
4]. In order to accomplish this, CSF flow must be fairly brisk
and directed to the appropriate cerebral and cerebrovascular
tissues. A study of intracranial distribution of an isotope re-
vealed the appearance of the isotope in the velum interpositum
before the fourth ventricles and the superior medullary velum
before the basal cisterns [5]. Others have suggested that pres-
sure gradients impact the dynamics of CSF flow. However,
these pressure gradients have not been observed in humans
with hydrocephalus or among ventricles, subarachnoid space,
and brain tissues during the development of hydrocephalus in
experimental models [6-9].
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Existing evidence suggests that there may be alternative
pathways of CSF circulation between ventricles and subarach-
noid cisterns. These pathways may aid in maintaining pressure
balance between cisterns and ventricles under a condition of
increased intraventricular pressure. However, no study has
directly examined alternative pathways. Accordingly, this
study induced experimental conditions in which the foramens
of the fourth ventricle and subarachnoid spaces were obliter-
ated with kaolin in rat hydrocephalus models. A tracer was
injected into a lateral ventricle and the CSF routes were ob-
served microscopically.

Materials and methods

Chronic hydrocephalus model making
with intraventricular ferritin injection

Ten non-conditioned, male adult Sprague—Dawley rats
weighting between 280 and 300 g were used. They all had
free access to rat chow and water. Cages were kept in a
temperature- and humidity-controlled room with a 12-h
light—dark cycle. Anesthesia was maintained with a peritoneal
injection of a mixture of ketamine (60 pg/g) and rompun
(4 mg/kg) throughout all surgical procedures. Surgeries were
performed using sterile techniques with the rat in a prone
position in a stereotactic frame.

The soft tissues of the posterior head and neck midline
were incised to identify the craniocervical junction under mi-
croscopic guidance. A midline suboccipital craniectomy ex-
posed the cisterna magna. After identifying the arachnoid
membrane of the cisterna magna, a 30-gauge needle was
inserted into the subarachnoid space and 100 pL of 20 %
kaolin (aluminum silicate; Sigma, St. Louis, MO, USA) was
injected into the cistern at the rate of about 6 puL/s. Microfi-
brillar collagen (Avitene®, Medchem Inc., MA., USA) was
applied over the dorsal cisternal surface to prevent CSF leak-
age and hemostasis [10, 11]. The skin was then tightly closed.
Three weeks after the surgery, intraventricular ferritin injec-
tion was performed. Rats were anesthetized in the same man-
ner and fixed in a stereotactic frame. The skin over the crani-
um was incised and the junction of the sagittal and coronal
sutures was identified. A small, high-speed microdrill with a
rounded tip was used to grind away the bone to expose the
dural membrane. The dural membrane around the point of
needle entry was incised. Ventricular puncture coordinates
were 1 mm posterior, 1.5 mm lateral to bregma, and 3.5 mm
in depth. A 50-uL Hamilton syringe (Fisher Scientific, Toron-
to, ON, Canada) with a 30-gauge needle was used. Twenty
microliters of cationized ferritin (Sigma Chemicals Co., St.
Louis, MO, USA) was used as a tracer and was infused into
the right lateral ventricle. Forty-eight hours after the intraven-
tricular tracer injection, animals were deeply sedated with
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ketamine and transcardially perfused with 0.9 % saline and
4 % buffered paraformaldehyde. The brains were extracted
and fixed in 4 % buffered paraformaldehyde by immersion
in 5 mL of the solution for 2 h and then immersed in 0.1 M
phosphate buffer (pH 7.4) containing 30 % sucrose for 24 h.
The brain was then sliced coronally into 40-pum-thick sections
using a freezing microtome and then stained with ferrocyanide
[12]. All experimental procedures were performed in accor-
dance with Chung-Ang University guidelines for the use and
care of laboratory animals.

Sham operations with intraventricular ferritin injection

In five non-conditioned animals, the soft tissues of the poste-
rior head and neck midline were incised to identify the
craniocervical junction under microscopic guidance. A mid-
line suboccipital craniectomy exposed the cisterna magna. Af-
ter identifying the arachnoid membrane of the cisterna magna,
100 uL of saline was injected into the cistern. Three weeks
post-surgery, 20 uL of ferritin was infused into the right lateral
ventricle. All of these animals were killed within 48 h of the
tracer injection and prepared for microscopic examination in
the same manner as the case animals.

Measurement of ventricle size

Ventricular enlargement was measured using the Evans’ index
of the maximal width of the lateral ventricles divided by the
maximal width of the brain on the coronal section at the level
of the interventricular foramen.

Results
Anatomical assessments of kaolin-induced hydrocephalus

There was remarkable arachnoid adhesion in the olfactory
bulbs, basal cisterns, cisterna magna, convexity cisterns, and
spinal cisterns, including the spinal nerve roots. This is previ-
ously published as a comparative experimental model for
acute versus chronic hydrocephalus [11]. On microscopic ex-
amination, kaolin particles were dispersed in the cisterns and
induced fibrosis of the arachnoid membrane. The mean Ev-
ans’ indices were 0.53+0.09 in eight out of the ten kaolin-
induced hydrocephalus rats and 0.37+0.02 in the five sham
animals.

Microscopic examinations

All ventricular walls were stained blue by the ferritin/ferrocy-
anide, and basal and convexity cisterns were clear of ferritin in
kaolin-induced models. However, in the sham animals, all
ventricles, and basal and convexity cisterns are stained blue
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as expected. This confirms that the intraventricular injected
tracer did not exit the fourth ventricular foramens or did not
circulate to the basal and convexity cisterns in the experimen-
tal group. Nevertheless, the quadrigeminal cisterns on the side
abutting the dorsal third ventricle were stained in six of the
eight rats (Fig. 1). The source of ferritin in quadrigeminal
cisterns appeared to originate from the third ventricle. The
inner tissue of the velum interpositum above the third ventric-
ular roof was not stained in any animals (Fig. 1).

Ambient cisterns on the side facing the temporal horn of
the lateral ventricle were stained in six of the eight rats (Fig. 2)
even though the basal cisterns were not stained. Ferritin ap-
peared to exit from the temporal horns and move toward the
basal cisterns, but it did not reach the basal side of the cisterns
in which the kaolin particles had been deposited. The depos-
ited kaolin and subsequent arachnoid inflammation appeared
to prevent the further advancement of the tracer by passing
through the basal cisterns.

Discussion

Experimental hydrocephalus can be induced by the injection
of kaolin into the cisterna magna in a wide range of species.
Ventricular enlargement occurs as a result of the inflammatory
scarring, which causes an obstruction of the CSF pathways
near the fourth ventricle outlets [13, 14].

Experimental evidences of being additional CSF flow
pathways

Ghersi-Egea et al. [5] have suggested that there are additional
CSF pathways. They used a time course, radio-labeled intra-
cranial distribution of [**C] sucrose in non-conditioned rats.
When the tracer was injected into lateral ventricles, within
3.5 min the tracer appeared in the third ventricle, aqueduct
of sylvius, velum interpositum, fourth ventricles, and superior
medullary velum and, within 5 min, in the interpeduncular,
ambient, and quadrigeminal cisterns. They presumed that this
rapid appearance in the quadrigeminal cistern and ambient
cistern is a convective delivery of sugar via the velum
interpositum. They pointed out the velum interpositum and
superior medullary velum seemed to be the passageways for
the rapid flow of CSF-borne sucrose into the velae. The find-
ings of the present study do not support this pathway, as we
did not find any staining in the velum interpositum. The rea-
son for this discrepancy remains unclear. However, it may be
due to the molecular weights of sucrose (342 kDa) and ferritin
(450 kDa) [15]. Smaller molecules may pass through the ve-
lum interpositum while larger ones do not. If it is so, CSF
likely moves through this interface more easily than other
molecules. If we had used a tracer with a smaller molecular
weight, we may have been able to identify additional potential

pathways. In a series of experiments involving respiratory and
cardiovascular control mechanisms in cats, the effects of va-
sopressin administered into the lateral ventricle were observed
within 2 min at the ventral surface of the brainstem [16]. A
tracer of horseradish peroxidase administered into the lateral
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Fig. 1 Ferritin staining in the third ventricle and quadrigeminal cistern
(a—c, ferrocyanide stain X 50). Quadrigeminal cisterns show linear
staining in three different animals, and it seems to be leaked from the
adjacent third ventricle. Velum interpositum is clear from ferritin
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Fig. 2 Ferritin staining in the lateral ventricle and ambient cistern.
Temporal horns of lateral ventricles are stained blue well and some
spillage of tracer into ambient cisterns are noticed (a—c, ferrocyanide
stain X 50). Black block arrows in (b) and (¢) show deposition of kaolin
particles in basal cistern. Ferritin in ambient cisterns (b, ¢) stopped just
before the basal cisterns which adhered to each other and prevented
farther advancement of CSF

ventricle of the cat penetrates the outer surface of the
brainstem within 4 or 5 min [17]. Similarly, a rapid distribu-
tion of tracers such as ['*C]Inulin and ['**IJCRH after
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injection into the lateral ventricle has also been observed in
rats [18].

Recent measurements of the pulsatile flow rates in the ce-
rebral aqueduct of the human brain using modern imaging and
other techniques revealed evidence of the high speed of this
CSF transport channel [19-21]. Maximal flow rates of 12 mm/
s and higher were observed in the aqueduct [22, 23], while at
other sites such as the spinal canal, the flow rate was almost
negligible [22]. Because of the fast velocity of CSF, it is pos-
sible that, under normal conditions, most CSF flows follow
the known CSF pathways. However, in the case of increased
intracranial pressure, the region from the third ventricle to the
quadrigeminal cistern or from the lateral ventricle to the am-
bient cistern could be alternative pathways.

In the clinical condition such as arrested hydrocephalus,
gradual obstruction of aqueduct by tectal masses, it does not
always develop clinically hydrocephalus. We can carefully
presume the ventricle—cistern interfaces may become bypass
routes in these circumstances.

Some studies have attempted to identify the transmantle
pressure gradients between each compartment of brain tissues
under hydrocephalus [6-9]. However, when the intracranial
pressure was measured at the ventricle, cisterna magna, con-
vexity subarachnoid space, and the brain tissue and the sagittal
sinus, all intracranial compartments including the sagittal si-
nus increased pressure simultaneously and achieved steady
state pressure rapidly, regardless of fluid injection site [7].
The findings of the present study in conjunction with those
of studies previously mentioned suggest that blockage of the
traditional CSF pathway may open other pores to egress the
accumulated CSF to equilibrate the intracranial pressure.

Bidirectional transport of CSF through the ventricles
and cisterns?

In the previous experimental setting of CSF pathways, we
demonstrated cistern to ventricular pathway in an acute form
of hydrocephalus [10]. In the present study, the opposite di-
rection is displayed. Considering these results, we reach a
hypothesis that CSF in the ventricle and cistern can move
bidirectionally from each compartment. Recent CSF studies
suggested that the traditional concepts about CSF production,
distribution, and absorption may have some misinterpretations
[9, 24]. In the distribution of CSF, intracisternal injected *H-
inulin was distributed to lateral ventricle [25] and lumbar
injected methotrexate in patients reached therapeutic concen-
tration in lateral ventricle [26]. The fundamental assumption is
that this CSF distribution is caused by the pulsation and to-
and-pro displacements and mixing of CSF volume [24]. They
admit that CSF moves bidirectionally between cisterns and
ventricles; however, the exact route was not mentioned. The
present study may play some roles in this distribution in the
CNS compartments.
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Limitations of this study

We did not include the posterior fossa and surrounding struc-
tures in order to identify the potential pathways because these
regions were manipulated at the time of model making; the
superior medullar velum could be an additional potential path-
way as Ghersi-Egea et al. illustrated. There is a possibility that
other dormant routes occur between ventricles and cisterns.
These pathways could be better identified using a molecule
smaller than ferritin. The contribution of the quadrigeminal
cistern and the ambient cistern to pressure balance or the vol-
ume of CSF flow should be quantified.

Future ultrastructural studies should investigate the exact
points or areas of CSF communication between ventricles and
cisterns. However, ependyma is demonstrated that it has dis-
continuous plaques known as gap junctions [27] and the gap
junctions are present within the arachnoid trabecula layer and
the arachnoid cells [28].

Conclusion

The interface between the third ventricle and the
quadrigeminal cistern and between the lateral ventricle and
ambient cistern may be alternative CSF pathways in hydro-
cephalus conditions. These interface may become a bidirec-
tional route for CSF distribution in the brain.
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