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Abstract

Background and Purpose—Acute communicating hydrocephalus and cerebral edema are 

common and serious complications of subarachnoid hemorrhage (SAH), whose etiologies are 

poorly understood. Using a mouse model of SAH, we determined if soluble epoxide hydrolase 

(sEH) gene deletion protects against SAH-induced hydrocephalus and edema by increasing levels 

of vasoprotective eicosanoids and suppressing vascular inflammation.

Methods—SAH was induced via endovascular puncture in WT and soluble epoxide hydrolase 

knockout (sEHKO) mice. Hydrocephalus and tissue edema were assessed by T2-weighted 

magnetic resonance imaging (MRI). Endothelial activation was assessed in vivo using T2*-

weighted MRI after intravenous administration of iron oxide particles linked to anti-vascular cell 

adhesion molecule-1 (VCAM-1) antibody 24h after SAH. Behavioral outcome was assessed at 

96h after SAH with the open field and accelerated rotarod tests.

Results—SAH induced an acute sustained communicating hydrocephalus within 6h of 

endovascular puncture in both WT and sEHKO mice. This was followed by tissue edema, which 

peaked at 24h after SAH and was limited to white matter fiber tracts. sEHKO mice had reduced 

edema, less VCAM-1 uptake and improved outcome compared to WT mice.

Conclusions—Genetic deletion of sEH reduces vascular inflammation and edema, and 

improves outcome after SAH. sEH inhibition may serve as a novel therapy for SAH.
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Introduction

Acute communicating hydrocephalus and global cerebral edema are common life-

threatening complications of subarachnoid hemorrhage (SAH), which occur in 20% of 

patients1-3 and are independent risk factors for poor outcome3,4. While both represent a 

dysfunction in water handling within the cranium5, their etiologies are likely different and 

possibly unrelated. Current treatments for hydrocephalus and cerebral edema are largely 

supportive and do not target the underlying pathologies, especially for hydrocephalus, which 

leaves some patients requiring permanent ventricular shunts due to unremitting disease6,7. A 

better understanding of the mechanisms underlying these complications is needed to identify 

viable therapeutic targets.

Mouse models of SAH have been employed to study mechanisms of cerebral edema8,9 but 

do so without acknowledging the potential contribution of hydrocephalus to brain water 

content10. To date, there are no studies describing hydrocephalus in mouse models of SAH. 

In the current study, we employ high field magnetic resonance imaging (MRI) to study the 

timing, severity and localization of acute communicating hydrocephalus as well as cerebral 

edema occurring simultaneously in the mouse endovascular puncture model of SAH.

Vasogenic edema is caused by extravasation of ions and proteins through a disrupted blood-

brain barrier and is often preceded by activation of the vascular inflammatory cascade11. 

Within endothelial cells, nuclear translocation of NF-κB is an essential step in the 

expression of endothelial pro-inflammatory adhesion molecules such as vascular cell 

adhesion molecule-1 (VCAM-1)12. Epoxyeicosatrienoic acids (EETs) are eicosanoids 

formed by cytochrome P450 enzymes in brain glia and endothelium13 which oppose 

VCAM-1 expression by blocking NF-κB translocation14. We have previously demonstrated 

that mice with elevated levels of EETs due to genetic deletion of their metabolizing enzyme 

soluble epoxide hydrolase (sEH knockout, sEHKO mice) are protected from experimental 

cerebral ischemia15 and delayed microvascular dysfunction16 after experimental SAH. 

Further, we have shown that patients with genetic polymorphisms that reduce sEH activity 

have improved outcomes after SAH17. We hypothesized that the beneficial effects of EETs 

also modulate acute inflammation and edema formation after SAH.

Methods

An extended version of methods can be found in the online supplementary material. Please 

see http://stroke.ahajournals.org.

Animals

All experiments were approved by the institutional animal care and use committee of 

Oregon Health & Science University. Adult (8-12 week) male wild-type (WT) C57BL/6J 
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mice obtained from Jackson Laboratories and homozygous sEHKO mice in the C57BL/6J 

background were used15

Endovascular Puncture

SAH was induced in mice using the endovascular perforation technique as previously 

described 18. Briefly, a nylon suture was introduced into the internal carotid artery and 

advanced into the Circle of Willis to induce a hemorrhage. In sham operated animals the 

suture was advanced without arterial perforation.

Physiological Monitoring

In a subset of non-survival surgeries, animals were monitored invasively for intracranial 

pressure (ICP), mean arterial pressure (MAP) and cerebral blood flow (CBF) with laser 

doppler (LDF) for 30 minutes following SAH

Vascular Cell Adhesion Molecule-1 (VCAM-1)-bound micro particles of iron oxide (MPIO)

We conjugated monoclonal rat anti-mouse CD106 (VCAM-1; 1510-01 Southern Biotech) or 

mouse IgG1 (0102-01 Southern Biotech) to Dynabeads MyOne Tosylactivated MPIOs 

(Invitrogen) per manufacturer’s instructions. MPIOs were used at a final concentration of 

5mg MPIO per ml in PBS plus 0.1% BSA and 0.05% Tween 20 at 37 °C.

MRI

MR imaging employed a Bruker-Biospin 11.75T small animal MR system with Paravision 

4.0. To quantify brain size, ventricle size and white matter edema, a T2-weighted image set 

was obtained at baseline, 6h, 12h, 24h and 72h after SAH or sham surgery. To quantify 

nanoparticle uptake 24h after SAH or sham surgery, 3D T2*-weighted images were obtained 

without injection of MPIOs, then 80 minutes after injection with VCAM-1 MPIO or IgG 

MPIO at 4.5 mg Fe/kg body weight. All image processing was done using tools from 

FSL19-21 and Jim (Xinapse Systems).

Histology

Fixed and embedded brains from mice 72h after SAH were cut into 8um sections and 

stained with hematoxilin & eosin. Images were obtained on a BX40 microscope (Olympus).

Behavioral Assessment

A subset of animals were survived for 96h after surgery and tested for behavioral deficit. To 

test general locomotor activity, mice were placed in an open field apparatus (Columbus 

instruments). To test sensorimotor function, mice were placed on the accelerated rotarod 

(Columbus instruments).

Statistics

Group data are expressed as mean ± sem unless otherwise stated. LDF, ICP, MAP, 

ventricular volume, brain size, brain edema, and behavioral performance were compared 

between groups using a two-way ANOVA with repeated measures where appropriate 
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Vacuolization data and VCAM-1 MPIO uptake were compared using one way ANOVA. 

The Holm-Sidak post-hoc test was used for all pairwise comparisons.

Results

SAH induces immediate and sustained rise in ICP

Endovascular puncture caused blood to fill the basal cisterns and subarachnoid space of the 

mouse within minutes. T2-weighted MRI scans within 30 minutes showed blood had flowed 

retrogradely as far as the 4th ventricle (Figure 1a; note the change in T2 signal in CSF spaces 

from white to black). We monitored ICP, MAP and CBF in a cohort of WT and sEHKO 

mice for 30 minutes following vessel puncture. At the moment of hemorrhage, ICP spiked 

as CBF decreased (figure 1b). Arterial pressure also increased. The ICP waveform changed 

after hemorrhage with increased pressure fluctuations during systole indicating reduced CSF 

compliance (Figure 1b inset). In both sEHKO and WT mice, ICP rose considerably at the 

time of hemorrhage (WT 60.2 ± 9.9 mmHg vs sEHKO 69.2 ± 6.0 mmHg) and returned to an 

elevated set point by 30 minutes (WT 33.0 ± 3.2 mmHg vs sEHKO 30.4 ± 1.1 mmHg). LDF 

also decreased substantially at the time of SAH (WT 55.2 ± 19.2 % vs sEHKO 37.3 ± 6.8 % 

of baseline) and returned to a point below baseline by 30 minutes (WT 80.9 ± 28.2 

%baseline vs sEHKO 77.9 ± 20.7 %baseline). Baseline MAP appeared lower in sEHKO 

mice but was not statistically significant (WT 74.3 ± 1.0 mmHg vs sEHKO 60.8 ± 2.3 

mmHg) and rose to similar levels after hemorrhage (WT 83.6 ± 8.6 mmHg vs sEHKO (85.4 

± 6.8 mmHg) before returning back towards baseline by 30 minutes (WT 74.2 ± 1.8 mmHg 

vs sEHKO 70.2 ± 2.1 mmHg). There were no significant differences between WT and 

sEHKO mice at any time point.

Acute communicating hydrocephalus forms rapidly and persists after SAH

Before and at several time points after (6h, 12h, 24h, and 72h) inducing SAH, we imaged 

the animals using T2-weighted MRI. Within 6h of SAH, ventricular volume had increased 

substantially (Figure 2a). Signs of mass effect in the form of central sulcus effacement were 

also evident at 6h (figure 2a arrowheads). To ascertain whether the hydrocephalus was 

obstructive or communicating in nature, we looked for signs of uneven enlargement of the 

ventricular system or large blood clots within the cerebral aqueduct that could block CSF 

flow. In all scans, the enlargement of the ventricular system was uniform from the anterior 

horns of the lateral ventricles to the cisterna magna. Additionally, we found enlargement of 

the CSF spaces outside of the ventricular system including the intrathecal space around the 

spinal cord and the subarachnoid space separating the cortex from midbrain structures 

(figure 2a arrows). WT and sEHKO mice had a similar increase in ventricular volume at 

each time points beginning as early as 6h (WT 181.3 ± 4.9 %baseline vs sEHKO 185.4 ± 

17.5 %baseline) and persisting the length of the study at 72h (WT 206.2 ± 13.2 %baseline vs 

sEHKO 208.2 ± 23.9 %baseline). Total brain volume also increased in both groups 

beginning at 6h (WT 0.67 ± 0.5 % vs sEHKO 1.7 ± 0.8 % change from baseline) persisting 

to 72h (WT 3.0 ± 0.5 vs sEHKO 2.2 ± 0.6 change from baseline). Brain tissue volume (total 

brain volume – ventricular volume) did not increase significantly during the study 

(supplemental figure 1). There were no differences between WT and sEHKO mice at any 

time point.
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sEHKO mice have reduced periventricular white matter edema after SAH

Edema, visualized by hyperintensities on T2-weighted images, began to form specifically in 

the periventricular white matter of SAH mice within 6h then peaked at 24h (figure 3a). The 

white matter structures affected included the corpus callosum and the dorsal hippocampal 

commissures (figure 3a arrows). Histological sections of the corpus callosum showed 

substantial vacuolization of the white matter in WT mice. sEHKO mice had significantly 

less edema at 24h (WT 3.1 ± 0.5 % brain volume vs sEHKO 1.7 ± 0.4 % brain volume p < 

0.05) and 72h (WT 2.7 ± 0.5 % brain volume vs sEHKO 0.7 ± 0.2 % brain volume p < 0.05) 

compared to WT mice (figure 3b). Vacuolization found in histological sections of the corpus 

callosum was also significantly reduced in sEHKO mice compared to WT mice (WT 1.6 ± 

0.4 a.u. vs sEHKO 1.2 ± 0.09 a.u. p < 0.05). Further histological analysis of the white matter 

identified subtle evidence of axonal injury within the corpus callosum of SAH mice and 

variable expression of microglial marker Iba-1 (supplemental figure 2 and 3).

sEHKO mice have reduced expression VCAM-1 following SAH

As a measure of vascular inflammation in vivo, we studied the expression of VCAM-1 on 

brain endothelium using VCAM-1 MPIOs which have been well validated in previous 

studies to detect endothelial VCAM-1 expression in vivo22-24. 24h after SAH or sham 

surgery, we injected the labelled particles into the vasculature and imaged the animals via 

T2*-weighted MRI. VCAM-1 MPIO uptake showed as hypointensities on the scans and was 

greatest in the vasculature along the midline and surrounding the midbrain of the mice 

(figure 4a). Immunolabeling of brain tissue sections from SAH mice show that in areas with 

high MPIO uptake, VCAM-1 primarily localized in the large caliber cerebral veins with 

relative sparing of the microvasculature (Supplemental figure 4). We found very little uptake 

in the IgG-tagged MPIO mice as well as the sham operated mice. After injection (80min), 

bound VCAM-1 MPIO caused a negative shift in the voxel intensity histogram when 

compared to pre-injection scans (figure 4b). sEHKO mice had reduced overall VCAM-1 

uptake in the whole brain compared to WT mice (WT 9.3 ± 1.9 × 103 voxels vs sEHKO 3.7 

± 1.3 × 103 voxels p < 0.05) (figure 4c).

sEHKO mice have improved outcome after SAH

To assess behavioral outcome after SAH, the open field test and the accelerated rotarod were 

performed 96h after SAH or sham was induced. Sham operated sEHKO mice performed 

differently on the open field test than sham operated WT mice (WT 6944.4 ± 433.9 cm vs 

sEHKO 5675.9 ± 418.2 cm), which did not allow direct comparison between WT and 

sEHKO mice (figure 5a). Comparing within genotype, we found that SAH caused a 

reduction in total movement on the open field in WT (sham 6944.4 ± 433.9 cm vs SAH 

5106.9 ± 525.1 cm p <0.05) but not sEHKO mice (sham 5675.9 ± 418.2 cm vs SAH 4663.2 

± 589.4 cm). On the accelerated rotarod, WT and sEHKO sham mice remained on the 

rotating rod for similar amounts of time (WT 42.5 ± 3.0 s vs sEHKO 43.1 ± 3.5 s), allowing 

a direct comparison between genotypes after SAH (figure 5b). At 96h after SAH, sEHKO 

mice remained on the accelerating rotarod longer compared to WT mice (WT 36.5 ± 2.7 s vs 

sEHKO 47.3 ± 2.5 s p <0.05).
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Discussion

The present study shows that acute communicating hydrocephalus and cerebral edema occur 

simultaneously in the mouse endovascular puncture model of SAH. The onset of 

hydrocephalus was rapid and sustained, occurring within 6h of SAH and remaining present 

for at least 72h. Cerebral edema formed primarily in the white matter fiber tracts and 

followed a time course that was distinct from that of the hydrocephalus. Specifically, edema 

formation was gradual, peaked at 24h and began to recede by 72h after SAH, while 

hydrocephalus persisted. Mice with genetic deletion of sEH, which have elevated basal 

levels of EETs, had a similar severity of hydrocephalus and brain swelling compared to WT 

mice, but significantly less edema formation within the white matter. We tested one 

potential mechanism of this edema formation, vascular inflammation indicated by 

expression of VCAM-1, which was reduced in sEHKO mice compared to WT. Finally, 

sEHKO mice have improved behavioral outcome after SAH.

We have identified additional features of the endovascular puncture model that mimics 

human disease seen clinically. Specifically, a substantial number of SAH patients present 

with acute hydrocephalus at admission25 and our model replicates this rapid time scale, a 

feature not found in other rodent models of hydrocephalus10,26,27. While we see the 

hydrocephalus lasting at least 72h in our model, we do not know the time frame at which 

hydrocephalus resolves, so whether our model represents the 10-20% of those chronically 

hydrocephalic patients that require implantation of semi-permanent shunts to manage 

unremitting disease7,6 remains to be determined. Edema formation in our model shares 

similarities with the human condition as well. While human brains have a substantially 

larger percentage of white matter than mice28, the phenomenon that edema forms 

preferentially within white matter, sparing the grey matter3,29, holds true in this model.

The anti-inflammatory effects of EETs are well documented in mice14,30-32 and inform us 

about the etiology of hydrocephalus and edema after SAH. First, the rate of formation, 

severity, and persistence of hydrocephalus are not altered in sEHKO mice which have 

elevated levels of basal EETs. This supports our hypothesis that hydrocephalus is likely 

mechanical in nature and not inflammatory. We have previously shown that CSF flow is 

blocked within minutes of SAH by fibrin deposition within the CSF pathways18 and is likely 

sufficient to induce acute communicating hydrocephalus after SAH. Additionally, while 

hydrocephalus is unchanged in the sEHKO mice, edema is significantly reduced in 

association with the reduction in vascular inflammation as measured by reduced VCAM-1 

expression in the cerebrovasculature. VCAM-1 is a cell adhesion molecule expressed by 

damaged or activated endothelium and important to the trans-migration of infiltrating 

inflammatory cells33. Elevated levels of VCAM-1 have been detected in the plasma and 

CSF of SAH patients34,35. Its activation is generally accepted to be a part of the brain 

inflammatory response33,36 and has been associated with breakdown of the blood-brain 

barrier in other models of disease22,23,37,38. In this context, we interpret our finding to mean 

that the inflammatory response to SAH is responsible in part for cerebral edema after SAH 

and that modulation of sEH to increase levels of EETs is protective.
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Important considerations in the interpretation of our data are the multiple complications 

other than edema and hydrocephalus previously documented in this model, including 

elevated intracranial pressure (ICP)18, and acute18 and delayed cortical hypoperfusion16. 

Therefore, the improvement in behavior may result from improvement in any of these 

parameters, independent of hydrocephalus. Furthermore, one must consider the wide range 

of beneficial effects of EETs in the brain, which include their anti-inflammatory14, anti-

thrombotic39, cytoprotective40 and vasodilator properties13. Thus it is likely that the benefits 

of sEH deletion are multifactorial. Overall, these findings complement our previous work 

demonstrating improved outcomes after SAH in both humans17 and mice16 when sEH 

activity is altered, and support the hypothesis that sEH inhibition may be a viable therapeutic 

strategy in SAH.

In conclusion, the endovascular puncture model in the mouse is useful to study the etiology 

of acute communicating hydrocephalus and cerebral edema after SAH. Genetic deletion of 

sEH reduces vascular inflammation and edema formation in this model as well as improving 

outcome. This finding adds to the body of literature supporting further investigation of sEH 

inhibition as a therapeutic target in SAH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SAH causes similar changes to physiology in both WT and sEHKO mice. A.) 

Representative gross images (left) and T2-weighted MRI (right) of naïve (top) and SAH 

(bottom) mice 30 minutes after induction. Blood within CSF space causes the T2-weighted 

signal to change from white to black (arrows). B.) Representative tracing of ICP with view 

of waveform (inset), LDF and MAP in a WT SAH mouse during SAH. C.) Average changes 

in ICP, LDF, and MAP in WT(n=5) and sEHKO(n=5) mice after SAH. There were no 

significant differences between groups.
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Figure 2. 
SAH induces acute communicating hydrocephalus in both WT and sEHKO mice. A.) 

representative T2-weighted MRI images at baseline (top) and 6h after SAH (bottom). 

Expansion of the CSF space occurs at all levels including lateral ventricles (lv), third 

ventricle (3v), cerebral aqueduct (aq), fourth ventricle (4v), cisterna magna (cm) and the 

subarachnoid space (arrows). Effacement of the central sulcus is also apparent at 6h after 

SAH (arrowheads). B.) Ventricular volume changes WT (n=10), sEHKO (n=7) SAH 

animals and sham(n=5). There is no significant difference between WT and sEHKO SAH 

mice. C.) Total brain volume change in WT (n=10, sEHKO (n=10) SAH animals and sham 

(n=5). There is no significant difference between WT and sEHKO SAH mice.
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Figure 3. 
sEHKO mice have less edema than WT mice. A.) representative T2-weighted MRI images 

in sham (top) WT SAH (middle) and sEHKO SAH (bottom) at 24h after SAH. Edema forms 

in the specifically within the white matter of the corpus callosum and dorsal hippocampal 

commissures (arrows). Histological sections (right) of the corpus callosum 72h after SAH 

show vacuolization within the white matter of SAH mice. B.) Periventricular white matter 

edema formation as a percent of brain volume in WT (n=10), sEHKO (n=7) and sham (n=5) 

mice. sEHKO mice have less edema at 24h and 72h after SAH (*=p<0.05). C.) 

Vacuolization determined by changes in mean pixel intensity of the corpus callosum in WT 

SAH (n=6), sEHKO SAH (n=6) and sham (n=4) mice 72h after SAH. sEHKO mice have 

less vacuolization than WT mice (*=p<0.05).
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Figure 4. 
sEHKO mice have less VCAM-1 expression than WT mice after SAH. A.) Representative 

T2* weighted images in SAH mice (IgG control, WT, and sEHKO) and sham operated mice. 

Deposition of the VCAM-1 MPIO causes hypointensity on MRI. B.) Representative 

normalized histogram of voxel intensities within a single WT brain 24h after SAH pre-

MPIO (blue) and post-MPIO (red) injection (80min). Voxels below the normalized intensity 

threshold were used to measure the extent of iron particle deposition. C.) Quantification of 

MPIO deposition as the increase in iron particles detected 80min after injection in IgG 

control (n=3) WT SAH (n=7) sEHKO SAH (n=9) and Sham (n=4). sEHKO mice have 

reduced MPIO deposition compared to WT mice (*=p<0.05).
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Figure 5. 
sEHKO mice have improved outcome after SAH. A.) 96h after SAH (WT n=12, sEHKO 

n=10) or sham (WT n=10, sEHKO n=10), mice were placed in the open field for 10 min. 

SAH reduces movement on open field for WT mice (*=p<0.05) but not sEHKO mice 

(ns=no significance) B.) 96h after SAH (WT=12, sEHKO=8) or sham (WT n=10, sEHKO 

n=10), animals were timed on the accelerated rotarod for three trials per day for three days. 

The average time to fall over the nine trials was increased in the sEHKO SAH mice 

compared to the WT SAH mice (*=p< 0.05).

Siler et al. Page 14

Stroke. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


