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This research explores ultrastructural changes of arachnoid granu-
lations associated with hydrocephalus after subarachnoid hemor-
rhage in cynomolgus monkeys. It provides a theoretical basis for
further study of the etiology and prevention of hydrocephalus. Fe-
male cynomolgus monkeys about one-year-old were selected. The
position range of arachnoid granulations in superior sagittal sinus
and transverse sinus was determined in a randomly selected con-
trol monkey. The morphology of normal arachnoid granulations in
cynomolgus monkeys was observed under a transmission electron
microscope. A primate model of subarachnoid hemorrhage was es-
tablished by injecting autologous blood into cisterna magna. Vom-
iting, movement disorder, and reduced level of consciousness were
gradually observed in monkeys. Computed tomography and mag-
netic resonance imaging scan results confirmed subarachnoid hem-
orrhage and hydrocephalus, and the morphology of arachnoid gran-
ulations in hydrocephalus was observed under a transmission elec-
tron microscope. Extensive fibrosis of arachnoid granulations was
observed under a transmission electron microscope in cynomolgus
monkeys with hydrocephalus after subarachnoid hemorrhage.
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1. Introduction

Hydrocephalus is a common complication after aneurysm
subarachnoid hemorrhage (SAH) [1]. According to the
classical bulk flow theory, cerebrospinal fluid (CSF) flows
through the fourth ventricle outlets into the subarachnoid
space around the brain and the spinal cord before it is fi-
nally reabsorbed the venous system through arachnoid gran-
ulations (AGs) in the sagittal sinus. The blockage of AGs by
red blood cells and their decomposition products causes CSF
absorption disorder and ultimately results in chronic hydro-
cephalus [2]. However, there is still no definite quantitative
experiment to confirm CSF absorption by AGs. In addition,
some researchers believe that CSF flows into the extracranial
lymphatic system through lymphatic vessels associated with
the extracranial segments of cranial nerves [3]. Research on
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the circulation pathways of CSF has mainly been conducted
on rats and dogs, which is unable to fully explain human CSF
circulation. As AGs differ hugely in different species and dif-
ferent developmental stages, we believe that the reabsorption
pathways of CSF are diverse and of different significances.
We speculate that animals with a developed sense of smell
mainly rely on the powerful extracranial lymphatic system to
absorb CSF, while primates mainly rely on AGs. Previous
researchers have used various experimental animals to study
the CSF circulation pathways, but differences in species have
led to different experimental results [4]. Based on our ex-
perimental conditions, preliminary research, and pertinent
literature, we selected cynomolgus monkeys as experimen-
tal subjects, which are more similar to humans in anatomy,
hoping to draw more accurate conclusions. In this research,
we established hydrocephalus primate models after SAH by
repeatedly injecting autologous blood into the subarachnoid
space of cynomolgus monkeys to observe the ultrastructural
changes of AGs under pathological conditions, in hopes of
providing a theoretical basis for the etiology and prevention
of hydrocephalus after SAH.

2. Materials and methods
2.1 Primate model preparation

Female cynomolgus monkeys about one year old weigh-
ing 3.1 to 4.0 kilograms were selected as experimental sub-
jects. Each monkey was labeled randomly, with its weight,
age, sex, height, and other data recorded. Three monkeys
were randomly selected as control (labeled as C1, C2, and C3),
and head CT and MRI scans were performed on them. Af-
ter anesthetized with intravenous injection of xerazine hy-
drochloride (0.1-0.2 mg/kg), C1, C2 and C3 were decapi-
tated, and then their upper sagittal sinus and transverse sinus
were taken out, embedded in paraffin, and sliced. The loca-
tion of AGs was determined by Hematoxylin and Eosin (HE)
staining. Then tissues of AGs were removed and put under a
transmission electron microscope to have their morphology
observed.
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The monkeys in the experimental group were randomly
labeled as M2, M3, M4, M5, M6, and M7, respectively. They
were anesthetized by intravenous injection of xerazine hy-
drochloride. After fixed in a prone position, disinfected, and
skin-prepared, each monkey was injected with 2-3 mL of
autologous blood from the femoral vein of the lower limbs
into the subarachnoid space through the cisterna magna (an
equivalent amount of CSF was replaced). The above opera-
tions were repeated on the 5th, 9th, and 13th days to establish
SAH primate models. During the next four days, head CT
and brain MRI were performed on the monkeys with vomit-
ing, movement disorder, and reduced level of consciousness.
Those monkeys showing subarachnoid hemorrhage and ob-
structive hydrocephalus were considered to be successful pri-
mate models. The experiment was conducted in Shandong
Hongli Medical Animal Experimental Research Co., Ltd., un-
der the supervision of the Animal Ethics Committee of Shan-
dong Hongli Medical Animal Experimental Research Co.,
Ltd. All operations in this experiment complied with “Regu-
lations on the Administration of Laboratory Animals” of the
People’s Republic of China.

2.2 Imaging

CT: After anesthesia, the cynomolgus monkey was ly-
ing supinely on the CT diagnostic bed, with its abdomen
mid-sagittal plane perpendicular to the bed and aligned with
the longitudinal midline of the bed. CT imaging was per-
formed on a 256-slice Helical CT scanner (Brilliance iCT;
Philips Healthcare; parameters: 128 X 0.625 collimation,
0.601 pitch, 120 kV, 300 mAs, 0.5 s rotation time, 2.8 s scan
time). Images were reconstructed by a hybrid iterative recon-
struction technique (iDose4; Philips Healthcare).

MR: After the cynomolgus monkey was anesthetized, its
upper jaw and both external auditory canals were fixed, and
a Philips 3.0T superconducting MR imaging system and a
matching head orthogonal unique coil were used for head
MR plain scan to obtain continuous imaging (scanning se-
quence: Spin echo T1WI (TR561 ms, TE17 ms), Fast Spin
Echo T2W1I (TR3900 ms, TE102 ms); layer thickness 5 mm,
interval 5 mm, field of view 40 X 40 cm?, matrix 320 X 320).

2.3 Hematoxylin and Eosin staining

The five monkeys with hydrocephalus were executed by
decapitation under anesthesia 17 days after the first blood in-
jection. Their skin was cut longitudinally along the midline
of the head, and then their periosteum was peeled off. Their
skulls were removed to expose both cerebral hemispheres,
and then their dura mater was cut. Superior sagittal sinus
and transverse sinus tissues were quickly removed, trimmed
to 10 mm, and fixed directly with 4% paraformaldehyde. The
fixed tissues were dehydrated with gradient alcohol (80%,
90%, 95%, 100%), non-opacified with xylene, immersed en-
tirely in melted paraffin, moved into embedding frames filled
with melted paraffin, cooled to solidification, sliced to 5-pm
sections, and stained with HE.

420

2.4 Transmission electron microscope

Superior sagittal sinus and transverse sinus specimens of
hydrocephalus monkeys were removed and trimmed to 1
mm? as quickly as possible, fixed with 2.5% glutaraldehyde
fixative for two hours, and then washed three times with PBS
(pH 7.4) buffer. Then the tissues were dehydrated with a gra-
dient of acetone (70% acetone, 15 minutes; 80% acetone, 15
minutes; 90% acetone, 15 minutes; 100% acetone, 10 min-
utes). The tissues were embedded in embedding cassettes,
which were then left to polymerize and harden in an oven
at 45-60 °C to form embedded blocks and taken out after
the oven cooled naturally to room temperature. After sliced
into 10-pm sections and stained with uranyl acetate and lead
citrate, the tissues were observed under transmission elec-
tron microscope. Three collagen fiber (CF) groups with the
longest diameters in three randomly selected fields of view
were measured, expressed as (mean + SD).

3. Results

First of all, head CT examination results performed on
normal cynomolgus monkeys showed that their bilateral
cerebral hemispheres’ size, shape, and location were nor-
mal, with no apparent abnormal density shadows in the brain
parenchyma. The shape, size, and location of their ventricles
were normal. Their brain cistern and sulci were not enlarged
(Fig. 1A). Simultaneous brain MRI scans showed no abnor-
mal signals (Fig. 1B,C). HE staining of normal cynomolgus
monkey intracranial tissues showed that the normal arach-
noid granular structure exists in the superior sagittal si-
nus. Its structure and position are similar to those of hu-
mans (Fig. 2A,B). The endothelial cells in the outermost
layer of normal AGs and layered fibrocytes and connective
tissue fibers, were observed under an electron microscope
(Fig. 2C,D).

After confirming the location and structure of cynomol-
gus AGs, we began to prepare primate models of SAH. Af-
ter receiving repeated autologous blood injections into the
subarachnoid space through the cisterna magna, cynomolgus
monkeys gradually showed signs of movement disorder (limb
weakness and movement decrease), anorexia, and unrespon-
siveness. The weights of the monkeys were lowered to 2.78
to 3.63 kilograms. Then head CT scan showed high-density
shadows in the subarachnoid space (Fig. 3C), and both head
CT and MR (Fig. 3D) showed dilation of the ventricular sys-
tem. The imaging results above suggested the formation of
hydrocephalus after SAH. Hydrocephalus monkeys were dis-
sected, and the subarachnoid space was congested with blood
clots (Fig. 4). The arachnoid granular tissues of the mon-
keys with hydrocephalus were observed under a transmission
electron microscope. The outer arachnoid was filled with red
blood cells (Fig. 5A). Condensation and marginalization of
some nucleus chromation were observed, part of the mito-
chondria and endoplasmic reticulum were swollen with vac-
uoles, apoptosis and necrosis were found in the endothelial
cells of AGs, and the connective tissue scaffold around the

Volume 20, Number 2, 2021



Fig. 1. Representative imaging of normal cynomolgus monkeys. (A) Head CT shows normal. No mass, hemorrhage, or hydrocephalus. Basal ganglia
and posterior fossa structures are normal. No major established vessel vascular territory infarction. No intra- or extra-axial collection. The basal cisterns and
foramen magnum are patents. (B,C) Brain MRI shows normal. No abnormal focal areas of altered signal intensity in the cerebral hemispheres, brainstem,
or cerebellum. The appearance and intensity of brain parenchyma are normal. The ventricular system and cisternal spaces appear normal. No evidence of

intracranial space occupying lesion or apparent vascular anomaly is detected. There is no shift of the midline structures.
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Fig. 2. Ultrastructure of normal AGs. (A,B) HE staining shows that AGs composed of endothelial cells protrude into the sinus lumen. The endothelial
cells in the outermost layer of normal AGs and layered fibrocytes and connective tissue fibers, are present under a transmission electron microscope. (C)
Endothelial cells and adjacent fibroblasts in the outermost layer of AGs from the transverse sinus of normal cynomolgus monkeys. (D) Endothelial cells and
adjacent fibroblasts of AGs from the superior sagittal sinus of normal cynomolgus monkeys. DM, dura mater; AG, Arachnoid Granulation; CF, collagen fiber;
EC, endothelial cell; Double arrow, the thickness of CF; (A,B) 40 ; (C,D) Scale bar = 2 pzm.
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Before Injection

After Injection

Fig. 3. Imaging of cynomolgus monkeys before and after blood injection. (A,B) Both head CT and Brain MRI show normal. (C) After injecting

autologous blood through the occipital cistern, the head CT of cynomolgus monkeys shows high-density shadows in the subarachnoid space (black arrows).

(D) After the injection, MRI of cynomolgus monkeys shows dilation of the ventricular system.

Fig. 4. Monkeys were dissected, and the subarachnoid space was congested with blood clots. (A) Blood clots under the dura. (B) Blood clots full of

sulci and gyri.

cells was disordered and thickened. Collagen fiber hyper-
plasia was observed, and the fibrous connective tissue of the
outer arachnoid layer was thicker than normal (Fig. 5B-D).
For a more intuitive comparison, we measured the CF thick-
nesses of normal and pathological AGs. We found that CF
in normal AGs (Fig. 5E,F) is scattered, and the thickest part
measures 2 £ 0.54 pm, while in the AGs of monkeys suffer-
ing hydrocephalus after SAH, CF thickness is about 4 + 1.23
pm. All these signs suggested that AGs suffered extensive fi-
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brosis.

4. Discussion

AGs, also known as arachnoid villi and pacchionian gran-
ulations, are small protrusions of the arachnoid mater into
the outer membrane of the dura mater. They protrude into
the dural venous sinuses of the brain and allow CSF to pass
from the subarachnoid space into the bloodstream. AGs were
first discovered by the Italian scholar Antoine Pacchion in the
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Fig. 5. Ultrastructure of AGs after SAH in cynomolgus monkeys. (A) The outer arachnoid is filled with red blood cells (indicated by a black arrow).

(B-D) The fibrous connective tissue of the outer arachnoid layer appears thicker than normal, and AGs show extensive fibrosis. (E,F) CF in normal AGs is

scattered. (A) Scale bar = 5 um, (B-D) Scale bar = 2 um, (E,F) Scale bar = 1 ym.

18th century [5]. Later studies confirmed that AGs have be-
gun to form in the superior sagittal sinus, parasagittal sinus,
and transverse sinus within one to two months before birth,
which gradually develops under the permanent pressure of
CSF after birth. Human AGs are mainly distributed in the su-
perior sagittal sinus (53%), especially where the central vein
joins the superior sagittal sinus; followed by the transverse
sinus (28%), especially where the vein of Labbe merges into
the transverse sinus; some in the straight sinuses (17%); and
the rest in the intracranial venous sinuses [6, 7]. Conegero
et al. [8] used scanning electron microscopy to find that hu-
man AGs are composed of pedicle, body, and apex, and are
surrounded by a capsule of connective tissues composed of
bundles of collagen fibers that form pores of different shapes
and sizes. In addition, there are unique connections between
arachnoid cells to facilitate the flow of CSF [8]. However, the
role of AGs in CSF circulation is controversial. According to
some research, most CSF flows out through lymphatic vessels
associated with the extracranial segments of cranial nerves.

Acute obstructive hydrocephalus and chronic communi-
cating hydrocephalus may occur after SAH. Obstructive hy-
drocephalus mainly occurs within three days after SAH and
is caused by sudden obstruction of CSF circulation, accom-
panied by acute intracranial pressure increase and conscious-
ness disorders. Communicating hydrocephalus mainly oc-
curs two weeks after SAH, and it typically manifests itself
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as mental retardation, gait anomalies, and urinary inconti-
nence. The pathogenesis of hydrocephalus after SAH has not
been fully elucidated. Early researchers found that arachnoid
cell proliferation caused by inflammation or blood coagula-
tion products can block CSF flow through AGs into venous
sinuses. With the emergence of a large number of studies
on hydrocephalus after SAH since the 1970s [9, 10], more
and more evidence supports that the inflammatory reaction
and subsequent fibrotic process impede the outflow of CSF
from AGs to sinuses. This research mainly focuses on the
pathological obstruction of AGs, including mechanical ob-
struction and fibrosis of AGs. Previous studies have pro-
posed that blood clots play an initial role in triggering the
excessive secretion of CSF and fibrosis of arachnoid gran-
ulation, thereby causing long-term communicating hydro-
cephalus rather than mere aqueduct obstruction or stenosis
[11]. With the emergence of abundant evidence of fibrotic
pathways, it is generally believed that the fibrosis and ad-
hesion of leptomeningeal and AGs cause chronic communi-
cating hydrocephalus. Red blood cell metabolites, especially
iron, have long been assumed to play important roles in the
pathophysiological processes of chronic hydrocephalus after
SAH. Previous studies suggested that iron oxidation accounts
for the precise mechanisms of pathogenesis of hydrocephalus
[12], initially termed “ferroptosis” [13]. Intraventricular in-
jection of iron (ferrous chloride or ferric chloride) or lysed
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red blood cells into rats will lead to hydrocephalus [14]. In
addition, iron also causes necrosis of brain cells and disrup-
tion of the blood-brain barrier in rats [15], which adds to
the strength of this hypothesis. In this research, cynomolgus
monkeys were used as research subjects due to their similar
anatomy to humans. Repeated injection of autologous blood
into the cisterna magna led to hydrocephalus, and other re-
sults confirmed extensive fibrosis of AGs. Our results further
confirmed the above theory, but more evidence is still needed
to further clarify the connection between “ferroptosis” and
hydrocephalus.

We look forward to a credible clinical trial to establish
whether the removal of blood clots or subarachnoid blood
lavage in the initial stage of SAH will produce positive results
for these patients.

Regarding research limitations, the observed subjects
were insufficient, which may cause biased results, so repeat-
ing the experiment with larger sample sizes is necessary. Fur-
thermore, we only monitored the morphological changes of
arachnoid particles. To prove the correlation between iron
and the pathogenesis of hydrocephalus, quantitative research
oniron and other inflammation-related factors in AGs should
be conducted.
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