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Model of Chronic Cerebral Hypoperfusion
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William F. Jackson1, Anne M Dorrance1

1Department of Pharmacology and Toxicology, Michigan State University, East Lansing, MI, 
48824

2Department of Entomology & University of California Comprehensive Cancer Center, Davis, CA

Abstract

Objective: Parenchymal arterioles (PAs) regulate perfusion of the cerebral microcirculation, and 

impaired PA endothelium-dependent dilation occurs in dementia models mimicking chronic 

cerebral hypoperfusion (CCH). Epoxyeicosatrienoic acids (EETs) are vasodilators; their actions 

are potentiated by soluble epoxide hydrolase (sEH) inhibition. We hypothesized that chronic sEH 

inhibition with trifluoromethoxyphenyl-3 (1-propionylpiperidin-4-yl) urea (TPPU) would prevent 

cognitive dysfunction and improve PA dilation in a hypertensive CCH model.

Methods—Bilateral carotid artery stenosis (BCAS) was used to induce CCH in twenty-week-old 

male stroke-prone spontaneously hypertensive rats (SHSRP), that were treated with vehicle or 

TPPU for 8 weeks. Cognitive function was assessed by novel object recognition. PA dilation and 

structure were assessed by pressure myography and mRNA expression in brain tissue was assessed 

by qRT-PCR.

Results: TPPU did not enhance resting cerebral perfusion, but prevented CCH induced memory 

deficits. TPPU improved PA endothelium-dependent dilation but reduced the sensitivity of PAs to 

a nitric oxide donor. TPPU treatment had no effect on PA structure or biomechanical properties. 

TPPU treatment increased brain mRNA expression of brain derived neurotrophic factor, 

doublecortin, tumor necrosis factor-alpha, sEH, and superoxide dismutase 3,

Conclusions: These data suggest that sEH inhibitors may be viable treatments for cognitive 

impairments associated with hypertension and CCH.

Introduction

Vascular cognitive impairment and dementia (VCID), the second most common cause of 

dementia after Alzheimer’s disease, is a spectrum of cognitive deficits with a 

cerebrovascular origin.1 In 2016, the World Health Organization estimated that 47.5 million 

people were living with dementia; this number is projected to rise to 135.5 million by 2050. 
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While there are drugs to alleviate the symptoms of VCID, there are no reliable therapeutic 

options to halt its progression.2 VCID is often associated with comorbidities such as 

hypertension and carotid artery stenosis; this has hampered drug discovery efforts because 

there are no available animal models that reflect the human population at risk. Chronic 

cerebral hypoperfusion (CCH) is an important pathology associated with VCID 2-4, and 

vascular injury exacerbates other forms of dementia including Alzheimer’s disease.5 Thus, 

therapies aimed at improving cerebrovascular health and enhancing blood flow may have 

potential therapeutic effects for VCID and other mixed dementias.

Soluble epoxide hydrolase (sEH) metabolizes epoxyeicosatrienoic acids (EETs) which are 

arachidonic acid metabolites that are produced by several cell types including endothelial 

cells and astrocytes. EETs are endothelium-derived hyperpolarizing factors (EDHF) that 

induce vasodilation and increase cerebral perfusion.6,7 Therefore, it stands to reason that 

sEH inhibition has the potential to enhance blood flow to the cerebral microcirculation in 

VCID models and reduce cognitive deficits. Several pieces of evidence support this 

hypothesis.8-10 For example, reducing EET concentrations reduces blood flow in the 

cerebral microcirculation11 and sEH overexpression in cerebral endothelial cells impairs 

endothelium-dependent dilation.12 It is possible that reduced cerebral perfusion mediated by 

enhanced EET metabolism could drive VCID. Indeed, VCID patients have enhanced sEH 

activity in their brains, which indicates a role for sEH in the progression of the disease.10 

The increased expression of sEH was found largely in arterioles near microinfarcts, raising 

the possibility that detrimental effects of sEH in the cerebral microvasculature could aid in 

the progression of VCID.10 The link between sEH activity and dementia has been 

strengthened by studies showing a correlation between the levels of sEH derived oxylipins, 

white matter hyperintensities, and VCID.13 Similarly, mouse studies using a cocktail of 

drugs to prevent the production of several vasodilators including EETs, showed that 

impaired vasodilation contributes to cognitive decline.14

Cerebral parenchymal arterioles (PAs) contribute to the regulation of blood flow in response 

to neuronal activity; a process that is essential for cognitive function.15-17 The PAs role in 

regulating microvascular perfusion is so important that the occlusion of a single PA induces 

cognitive impairment.18 Our lab established that endothelium-dependent dilation in the PAs 

is largely mediated by endothelium-derived hyperpolarization (EDH) or EDHF19-21 and that 

PA dilation is impaired in models of VCID induced by bilateral common carotid artery 

stenosis (BCAS).19,20 In the cerebral vasculature, sEH is expressed predominately in 

arterioles.10 It is possible that sEH inhibition will elevate the concentration of EETs and 

enhance EDHF-mediated dilation in PAs. Previous studies suggest TPPU alleviates the 

BCAS mediated cognitive dysfunction in normotensive mice.22 These studies focused on the 

potential neuronal effects of TPPU while the possible beneficial effects on vascular function 

of TPPU were not considered. To address appropriate co-morbidities (hypertension and 

carotid artery stenosis), we hypothesized that sEH inhibition in stroke prone spontaneously 

hypertensive rats (SHRSP), a model of human essential hypertension, with BCAS would 

prevent CCH-induced dilatory impairment in PAs and alleviate cognitive deficits.
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Methods

Animals and surgery.

20-week-old male SHRSP from the colony housed at Michigan State University were used. 

BCAS surgeries were carried out as previously described.19 Briefly, rats were anesthetized 

with isoflurane, placed in a supine position, and both common carotid arteries were exposed. 

A 27-gauge blunt needle was placed alongside the left carotid artery and two 6-0 silk sutures 

were used to tie the carotid artery and needle firmly together. The needle was then carefully 

removed to induce partial occlusion, or stenosis, of the artery. The procedure was repeated 

on the right common carotid artery. A group of sham rats were prepared to confirm the 

effects of BCAS on cognitive function in SHRSP. Sham surgeries were carried out in an 

identical manner, but the ties were not placed on the common carotid arteries. The 

experimental protocol was approved by the Michigan State University Institutional Animal 

Care & Use Committee and was in accordance with the National Research Council's Guide 
for the Care and Use of Laboratory Animals (2011).

TPPU treatment.

After BCAS or sham surgeries, rats were randomized into two groups: one group received 

TPPU (3mg/kg/day) while the other received vehicle (1% PEG400) in their drinking water 

until euthanasia 8 weeks later. For the BCAS rats, 12 rats received vehicle and 11 received 

TPPU. For the sham surgeries, 9 rats were vehicle treated and 12 were TPPU treated.

Blood pressure measurement.

Blood pressure was measured in a subset of rats by tail-cuff plethysmography using a 

RTBP1001 tail-cuff blood pressure system (Kent Scientific, Torrington CT) as previously 

described.23

Novel object recognition test.

Novel object recognition test was carried out in an open box with opaque walls. Rats were 

acclimatized to the box for 15 minutes/day for three days. During the familiarization phase, 

the rats were allowed to explore two identical objects for 10 minutes or until the animal had 

explored either object for 30 seconds total. Memory function was evaluated either 90 

minutes or 24 hours later by replacing one of the familiar objects with a novel object. The 

color, size, and texture of the familiar objects and the novel objects were similar to prevent 

bias. Total exploration time and the time spent exploring the novel object was recorded. 

Exploration took place when the rat pawed at, sniffed, or whisked with its snout directed at 

the object from a distance of under ~1 cm. Between each rat and each trial, 70% alcohol was 

used to clean the objects and the box to remove any olfactory cues. Novel exploration 

quotient was defined as a ratio of the time spent exploring the novel object to the total 

exploration time.24

Cerebral perfusion.

8 weeks after BCAS surgery, cerebral perfusion was measured with a scanning laser Doppler 

(PeriScan PIM 3, Perimed, Stockholm, Sweden). Rats were anesthetized and placed on a 
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heated platform. The scanning laser Doppler was positioned approximately 18 cm above the 

exposed and cleaned skull, and cerebral perfusion was recorded. A total of 4 consecutive 

scans were performed. Mean perfusion was analyzed using the LDPIwin 3.1 software 

(Perimed) and expressed as mean perfusion units.20

PA isolation and cannulation.

After 8 weeks of vehicle/TPPU treatment, rats were anesthetized using isoflurane and 

thoracotomized. After exsanguination the brain was removed and placed in ice-cold Ca2+-

free physiological saline solution (PSS, in mM: NaCl 140, KCl 5, MgCl2•7H2O 1, HEPES 

10, Dextrose 10) for PA dissection. To isolate PAs, a section of brain containing the middle 

cerebral artery (MCA) was removed and PAs branching from the MCA were carefully 

dissected and transferred to a cannulation chamber. PAs were cannulated between two glass 

micropipettes (<40 μm outer diameter) mounted on small, 3-axis micromanipulators (MT-

XYZ, Newport, Irvine, CA).25 The perfusion chamber was positioned on the stage of an 

inverted microscope (Leica DMIL, Wetzlar, Germany) with a 20x objective (Leitz Wetzlar 

objective, numerical aperture: 0.3). PAs were bathed in warm (37°C) PSS containing 1.8mM 

Ca2+ and pressurized at 60 mmHg until myogenic tone developed. To assess endothelium-

dependent dilation, PAs were incubated with increasing concentrations of carbachol (0.1nM 

to 10μM) in the bath. Endothelium-independent dilation was studied by incubating PAs with 

the nitric oxide (NO) donor, sodium nitroprusside (SNP: 0.1nM to 10μM). Additional 

concentration response curves were generated to nifedipine (0.1nM to 10μM). Only one 

concentration-response experiment was performed on each cannulated PA, although multiple 

PAs can be used from each rat. PA outer diameter was continually tracked and recorded 

using MyoView 2.0 software (Danish Myo Technology, Aarhus, Denmark). Myogenic tone 

was calculated as (1 ‐ active external diameter
passive external diameter ) ∗ 100 and % dilation was defined as 

external diameter at drug concentration − baseline external diameter
(passive external diameter − baseline external diameter) ∗ 100.

Assessment of structural and mechanical properties in PAs.

After the end of the concentration response experiments, the PAs were bathed in Ca2+-free 

PSS containing EGTA (2mM) and sodium nitropruside (100μM) to assess changes in passive 

structure. A CCD camera (Hitachi Kokusai Electric Inc., Japan) connected to a video 

dimension analyzer (Living Systems Instrumentation, Burlington, VT) was used to assess 

structural changes. Intraluminal pressure was increased from 3 to 180 mmHg in 20 mmHg 

increments and lumen diameter and wall thickness was measured after 5 minutes at each 

pressure step. Outer diameter was calculated as: 

lumen diameter + left wall tℎickness + rigℎt wall tℎickness. The cross-sectional area, wall-to-

lumen ratio, circumferential wall stress, and passive distensibility were calculated as 

described previously.26

High-performance liquid chromatography coupled with tandem mass spectrometry for 
TPPU measurement.

Plasma levels of TPPU were assessed as described previously.27 Briefly, plasma samples 

were liquid-liquid extracted with 200 μL of ethyl acetate and the residues were resuspended 
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in 50 μL of internal standard solution 12-(3-cyclohexyl-ureido)-dodecanoic acid (200 nM 

CUDA) for LC-MS/MS analysis to quantify relative amounts of TPPU. Samples were 

analyzed using an Agilent 1200 SL Series HPLC with a 2.1x150mm Eclipse plus 1.8μm 

particle size C18 column (Agilent, Santa Clara, CA). The liquid chromatography system was 

coupled with an AB Sciex 4000 QTRAP hybrid, triple-quadrupole mass spectrometer 

(Redwood City, CA). The solvent system consisted of water/acetic acid (999/1 v/v, solvent 

A) and acetonitrile/acetic acid (999/1 v/v; solvent B).

Real-time polymerase chain reaction.

Total mRNA was isolated from the brain tissue surrounding the PAs and associated with the 

MCAs using the Qiagen RNeasy lipid tissue kit (Qiagen Sciences). RNA concentrations and 

integrity were evaluated using a NanoDrop spectrophotometer. Identical amounts of RNA 

were reverse transcribed using a qScript cDNA Synthesis Kit (Quanta Biosciences, 

Gaithesburg, MD). Real-time PCR was performed using a 96-well plate containing the 

cDNA and TaqMan primers and probes (Applied Biosystem, Foster City, CA) for 

doublecortin, synaptophysin, brain derived neurotrophic factor (BDNF), sEH, arginase 1, 

tumor necrosis factor-alpha (TNF-α), and superoxide dismutase 3 (SOD3). Fold changes in 

mRNA expression compared to the vehicle group were calculated using the 2−ΔΔCT method 

and β-2-microglobulin was used as an endogenous control.28 The CT (cycle threshold) was 

defined as the number of cycles needed for the fluorescence signal to exceed background 

and begin increasing exponentially. We confirmed that the expression of β-2-microglobulin 

was not different between the groups by comparing raw CT values (23.13 ± 0.45 vs 22.97 ± 

0.10, vehicle vs TPPU p=0.607).

Statistical analyses.

Novel object recognition test, myogenic tone, and real-time PCR data were analyzed by 

Student’s t-test. Cerebrovascular reactivity, endothelium-dependent dilation, and passive 

structural properties were analyzed by two-way ANOVA followed by Sidak correction for 

multiple comparisons, or a non-parametric alternative. Analyses were carried out using the 

software GraphPad Prism 6.0 (La Jolla, CA, USA). All data is presented as mean ± SEM.

Chemicals and reagents.

TPPU was a gift from Dr. Bruce Hammock at the Department of Entomology, University of 

California (Davis, CA). All other chemicals and reagents were purchased from Sigma-

Aldrich (Saint Louis, MO, USA).

Results

Plasma TPPU levels.

To confirm that cells in the cerebrovasculature were exposed to TPPU, we measured the 

concentration of TPPU in the plasma. The plasma level of TPPU after chronic 

administration for 8 weeks was 1276 ± 46 ng/ml in BCAS rats. Rats were weighed prior to 

euthanasia and TPPU administration did not affect body weight (vehicle vs TPPU: 361± 6 vs 

377 ± 7 g).
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Chronic TPPU administration prevented memory deficits in BCAS rats.

To determine if TPPU improves cognitive function, we used the novel object recognition 

test. We confirmed our own previous finding 20 that BCAS impairs memory function in 

SHRSP (novel exploration quotient for BCAS+vehicle vs Sham+vehicle, 90 minutes 

retention time: 0.48±0.06 vs 0.65±0.02 respectively; and 24 hours retention time: 0.46±0.08 

vs 0.70±0.06 p<0.05). TPPU treatment improved cognitive function in the BCAS rats as 

evidence by an increased novel exploration quotient for retention times of 90 minutes and 24 

hours (Fig 1A) compared to vehicle treated BCAS rats. The improvement in cognitive 

function was not linked to increased resting pial artery perfusion (Fig 1B) or a reduction in 

systolic blood pressure in the TPPU treated rats (Fig 1C).

TPPU improved dilation in PAs from BCAS rats.

TPPU inhibits sEH and should result in improved endothelium-dependent vasodilation. We 

utilized pressure myography to measure changes in dilation caused by TPPU treatment. 

Chronic TPPU treatment has no effect on myogenic tone generation in PAs (Figure 2A). As 

we have previously established, 8 weeks of BCAS impairs dilation in the PAs (% dilation at 

10−5M of carbachol, Sham treated with vehicle compared to BCAS treated with vehicle: 

23.56±3.69 vs 3.64±2.36, p<0.05) 20. Carbachol mediated dilation was improved in PAs 

from TPPU treated BCAS rats compared to PAs from vehicle treated BCAS rats, which had 

negligible dilation (Figure 2B). While maximal dilation to SNP remained unchanged, the 

EC50 for the NO donor was increased in PAs from TPPU treated BCAS rats (Figure 2C). 

The dilatory response to nifedipine, a L-type calcium channel antagonist, was unchanged 

between the groups (Figure 2D).

TPPU treatment had no effect on PA passive structure.

PA structure was assessed by pressure myograhy under Ca2+ free and zero flow conditions. 

Full pressure response curves were constructed but for clarity only the data at the 

physiological pressure of 60 mmHg is being shown. Chronic TPPU treatment had no effect 

on the lumen diameter (Fig 3A), wall thickness (Fig 3B), vessel area (Fig 3C), or the wall-

to-lumen ratio (Fig 3D). TPPU treatment also had no effect on biomechanical properties of 

the PAs (data not shown).

Chronic administration of TPPU altered mRNA expression of neural plasticity and 
inflammatory markers in brains from BCAS rats.

Since TPPU increases EETs and improves carbachol-mediated dilation, it stands to reason 

that TPPU may increase perfusion and protect cortical neurons. To test this hypothesis, we 

analyzed the mRNA expression of markers for neuroplasticity. The mRNA expression of 

doublecortin, a marker of new and immature neurons, was increased in the TPPU treated rats 

(Fig 4A) but the expression of synaptophysin, a synapse protein, remained unchanged (Fig 

4B). Preliminary studies suggest that the mRNA expression of BDNF is increased in the 

TPPU treated rat (Fig 4C).

There was increased sEH mRNA expression in the TPPU treated BCAS rats (Figure 5A). 

Recent studies have shown that sEH inhibition increases the number of M2 microglia in the 

brain after cerebral ischemia.29 To assess if this reduction in inflammation also occurs in 
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BCAS rats with TPPU treatment we measured the mRNA expression of arginase 1, a marker 

of M2 microglia, and TNF-α, a proinflammatory cytokine. The expression of arginase 1 was 

unchanged in the TPPU treated rats (Fig 5B), but the expression of the inflammatory marker 

TNF-α was increased in the TPPU treated rats (Fig 5C). TPPU has also been shown to 

increase superoxide dismutase (SOD) gene expression in a neurodegenerative disease model.
30 We found that this was also the case in the current study, with TPPU treatment increasing 

the mRNA expression of superoxide dismutase 3 in the BCAS rats (SOD3; Figure 5D).

Chronic TPPU treatment had no effects in sham operated rats.

Chronic treatment with TPPU in Sham rats did not change the novel exploration quotient for 

retention times of 90 minutes and 24 hours (Fig 6A). Myogenic tone in the PAs remained 

unchanged between vehicle and TPPU treated Sham rats (Figure 6B). Dilation to carbachol 

was unchanged in the PAs from the sham rats treated with TPPU or vehicle (Figure 6C).

Discussion

sEH metabolizes EETs which are EDHFs that induce vasodilation and increase cerebral 

perfusion. It stands to reason that inhibition of sEH prevents EET metabolism and will 

enhance blood flow to the cerebral microcirculation, thereby reducing cognitive deficits in 

VCID models. We demonstrated, for the first time, that chronic sEH inhibition with TPPU 

prevents memory deficits after BCAS in a genetic model of hypertension that closely mimics 

the human population with essential hypertension. The improved cognitive function was 

associated with improved endothelial function in PAs and increased doublecortin and BDNF 

mRNA expression in brain tissue. These effects of TPPU treatment occurred independently 

of changes in blood pressure. These data suggest that sEH inhibition may be a viable 

treatment option to slow or stop the development of vascular dementia in hypertensive 

patients with significant carotid artery stenosis.

We measured plasma TPPU levels in BCAS rats. We found that the plasma concentration of 

TPPU was approximately 3.5μM, which is considerably higher than the reported IC50 value 

for TPPU (5nM).31 It should be recognized that the dose of TPPU used in the current study 

was higher than previously reported studies. Rats in this study received 3mg/kg/day, which 

equates to 25mg/L. The lower dose of 5mg/L produced significant accumulation of TPPU in 

the brain over 8 days, 31 therefore, it would seem that the higher dose used here would 

produce significant inhibition of sEH activity. Interestingly, sEH mRNA levels were 

increased in brain samples. Thus, it is possible that chronic sEH inhibition leads to a 

compensatory increase in sEH mRNA expression.

In two previous studies, we established that PA endothelium dependent dilation is impaired 

by CCH induced by BCAS, and that the BCAS rats have significant cognitive decline when 

compared to sham operated rats.19,20 One of these studies was conducted using SHRSP; the 

same experimental protocol as was utilized in the current study.20 The results presented here 

suggest that the impaired dilation post-BCAS is, at least in part, responsible for the memory 

deficits observed. TPPU treatment improved both endothelial and cognitive function. In 
vivo, EETs enhance blood flow during functional hyperemia by improving neurovascular 

coupling.32,33 Although we did not measure neurovascular coupling directly, TPPU treated 
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rats displayed improved memory function after BCAS. In our ex vivo experiments, TPPU 

improved endothelium-dependent carbachol mediated dilation. This suggests that increased 

EET levels for the duration of the CCH improved endothelial function. Since EETs act 

upstream of various signaling cascades to induce smooth muscle cell hyperpolarization and 

relaxation7, dilation of PAs from TPPU treated SHRSP can occur by multiple mechanisms. 

At present we cannot tell if the improved dilation observed by pressure myography is due to 

EET stabilization, sEH inhibition, or to a more generalized improvement in endothelial 

health; as all situations are possible 34. Other studies utilizing treatments that improved 

endothelium dependent dilation and neurovascular coupling have also been shown to 

improve cognitive function.57 It should be noted that the improved dilation was observed in 

isolated arterioles in the absence of astrocytes. This suggests that enhanced EETs production 

from astrocytes is not the sole mechanism responsible for the improvement in vasodilation. 

We recognize that the findings in this study are at odds with our own previous study where 

we failed to show a beneficial effect of sEH inhibition with another drug, 12-(3-

adamantan-1-yl-ureido)-dodecanoic acid (AUDA), on endothelium-dependent dilation in 

middle cerebral arteries (MCA) from SHRSP. The rats used in that study were treated with 

AUDA from 6-12 weeks of age and while these rats were hypertensive but they did not 

undergo the stenosis surgery used here. Additionally, there was little opportunity to observe 

an improvement in enothelium-dependent dilation with sEH inhibition because dilation in 

the MCA was not significantly impaired in the vehicle treated rats.35 In the current study, we 

analyzed the PAs instead of the MCAs, the rats we studies were significantly older, and they 

were exposed to the damaging effects of BCAS.

Interestingly, the PAs from TPPU treated BCAS rats were less sensitive to the NO donor, 

SNP, than vehicle treated BCAS rats, although the maximum dilation achieved was 

unchanged. EETs enhance endothelial nitric oxide synthase (eNOS) expression.36,37 Thus, it 

is conceivable NO production was improved in the TPPU treated BCAS rats and that this 

could have reduced responsiveness of soluble guanylyl cyclase in vitro38, making the vessels 

less sensitive to exogenous NO ex vivo.

There was no difference in myogenic tone generation in PAs from BCAS rats treated with 

TPPU and vehicle. Myogenic tone generation in PAs is dependent on Ca2+ influx through L-

type voltage-gated Ca2+ channels.39 We assessed the function of these channels with the 

antagonist, nifedipine, and did not find a difference between the groups. The lack of a 

difference in tone generation suggests that the improvement in dilation is not merely an 

effect of a less constricted arteriole.

Despite observing a marked improvement in PA endothelium-dependent dilation we did not 

observe increased resting cerebral perfusion in the TPPU treated rats. Given that our own 

previous studies could not detect effects of sEH inhibition on the MCA, a pial artery35, it is 

perhaps not surprising that we did not detect a change in pial perfusion with TPPU. It should 

also be noted that the blood flow in BCAS rats improves over time following surgery. Our 

own studies with SHSRP rats show that the BCAS surgery causes an immediate 40% 

reduction in cerebral blood flow, but blood flow is not different from sham operated rats 

when it is assessed 8 weeks after surgery.20 This finding has been confirmed in several other 

models of carotid artery stenosis and occlusion.40-42 Future studies, that are out of the scope 
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of the current study, will assess blood flow to specific brain regions including the 

hippocampus using arterial spin labeling MRI.

There was no change in passive structure in PAs from BCAS or sham rats with chronic 

TPPU treatment. The effects of sEH inhibition on cerebral artery structure are somewhat 

controversial. We have previously shown that sEH inhibition in SHRSP from 6-12 weeks of 

age has no effect on the structure of the MCA as assessed by pressure myography.35 

However, using histological techniques, Simpkins et al showed that 6 weeks of sEH 

inhibition with AUDA reduced the wall thickness but had no effect on lumen diameter in 

MCAs from 12-week-old SHRSP.45 While reduced wall thickness in MCAs is associated 

with vascular protection against cerebral ischemia, such hypotrophic remodeling in PAs 

from BCAS rats could have detrimental effects. BCAS alone induces hypotrophy in PAs 

evidenced by a reduction in the wall thickness and wall-to-lumen ratio.20 This hypotrophy 

was associated with increased wall stress in PAs from BCAS rats and any further reduction 

in wall thickness would exacerbate this. Given the anatomy of the PAs it is unlikely that 

additional reductions in wall thickness are anatomically possible.

While our study focused primarily on the effects of TPPU on PAs, it is possible that 

enhanced neuronal plasticity played a role in the preservation of memory function. 

Endothelial dysfunction can lead to loss of endothelium-derived trophic signaling essential 

for survival and growth of neurons and oligodendrocytes.46,47 Therefore, it is possible that 

improved endothelial function in PAs from TPPU treated BCAS rats enabled a supportive 

environment for neuronal survival. Furthermore, increased mRNA levels of neurogenesis 

marker, doublecortin, in TPPU treated BCAS rats suggests that TPPU could enhance the 

formation or survival of new neurons to compensate for CCH induced neuronal death. 

Similarly, preliminary studies suggest that BDNF levels are increased by TPPU treatment; 

BDNF is critical for memory acquisition and long-term potentiation in vivo. Other studies 

have suggested that sEH inhibitors can support neuronal growth and survival. TPPU can 

prevent cell injury by modulating the BDNF-TrkB pathway in PC12 cells.48 TPPU also 

potentiates nerve growth factor induced neurite outgrowth in vitro49 and increases the levels 

of BDNF.49-52 Thus, TPPU could prevent memory impairment in BCAS rats by partially 

preventing PA dilatory function and enhancing neuronal growth and survival. BDNF 

expression is also increased in sEH−/− mice after the induction of focal cerebral ischemia 

and the authors also showed that 14,15 EET led to increased BDNF production from 

cultured astrocytes.53

It is also possible that the improved memory function and the increase in BDNF are a 

function of improved astrocyte health with TPPU treatment. Astrocyte mediated EETs 

production has been linked to neurovascular coupling54 with astrocytes also producing 

trophic factors and neurotransmitters and supporting and strengthening neuronalconnections.
55 Recent studies have shown that increases in the number of senescent astrocytes in the 

brain is associated with premature cognitive decline.56 Interestingly, pharmacological 

inhibition vasodilator production by astrocytes impaired neurovascular coupling and 

produced cognitive decline in mice14. While the design of the current study did not allow for 

an assessment of astrocyte function, future studies will address the role that astrocytes may 

have played in improving cognitive function in the TPPU treated rats.
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EETs are recognized to have significant anti-inflammatory properties.58 Recent studies in 

stroke models have shown that sEH inhibition reduces the number of pro-inflammatory M1 

type macrophages in the brain. This was associated with a small but insignificant increase in 

the expression of M2 macrophage markers.59 In the current study, we assessed the 

expression of arginase 1, an M2 macrophage marker, and found no difference in arginase 1 

mRNA expression between the control and the TPPU treated rats. Thus, it is possible that in 

the current model TPPU did not impact macrophage polarity. It should be noted that in the 

current study we did not attempt to separate marker expression from macrophages and 

microglia. We also found an unexpected increase in TNF-α mRNA levels with TPPU 

treatment. This finding is difficult to reconcile with the many studies which show that EETs 

and sEH inhibitors reduce inflammation.29,60 Additional studies using ELISA or western 

blotting are needed to confirm this paradoxical effect. Interestingly, the mRNA expression of 

SOD3, the extracellular form of SOD, was increased by TPPU treatment. Recent studies 

have shown that chronic cerebral hypoperfusion reduces SOD activity and that treatments 

which improve SOD activity also improve cognitive function.61 Interestingly, SOD2 

expression appears to be regulated by EETs, with increased expression occurring with EETs 

treatment62, although, it is not clear if SOD3 is regulated in the same way. Although we only 

measured SOD3 mRNA expression, it is possible that this translates to increased activity and 

improved cognitive function.

TPPU did not improve memory or vascular function in Sham SHRSP despite the fact that 

SHRSP are a model of malignant hypertension63 and accelerated brain aging.64 Comparing 

the novel object recognition scores for the sham SHRSP with our previously published data 

in normotensive WKY rats, it does not appear that the 28-week-old SHRSP had significant 

non-spatial memory impairments19, thus, an improvement with treatment is unlikely. 

However other recent studies have shown that hypertension can exacerbate the 

cerebrovascular injury that occurs in atherosclerotic mice.65 Interestingly, other studies 

conducted in mice suggest that sEH inhibition may be an effective treatment for AD. These 

studies utilized an sEH knockout mouse combined with a genetic model of AD. sEH 

knockout not only delayed the onset of AD and almyoid β deposition, it also increased 

astrogliosis and increased the expression of anti-inflammatory cytokines in astrocytes. 66

Our study has a few limitations and caveats that need to be mentioned. First, our behavioral 

assessments were limited to novel object recognition test. More cognitive tests could have 

helped thoroughly characterize the cognitive profile of BCAS rats with chronic TPPU 

treatment. Second, we focused on vascular changes in the PAs and did not measure 

neurovascular coupling that is associated with cognitive function.15 We used scanning laser 

Doppler that has a penetration depth of 0.5 - 1 mm, on a closed skull preparation to assess 

perfusion. Thus, we were only able to measure perfusion in the pial circulation and not the 

intraparenchymal circulation. It should be noted that the rats were under isoflurane 

anesthesia during the analysis of perfusion. Isoflurane is a recognized cerebral artery dilator 
43,44, and therefore potential differences in resting perfusion may have been masked. Finally, 

we only studied male mice, thus, we cannot comment on possible sex differences in the role 

played by sEH in the development of cognitive decline. It is also important to recognize that 

the SHRSP used in this study were not aged, However, SHRSP have a considerably shorter 

life span in comparision to normotensive rats with male rats from the colony housed at MSU 
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having a typical lifespan between 12 – 14 months. Thus, the rats used in this study were 

effectively middle-aged when euthanized.

In summary, our data demonstrate that impaired memory function in SHRSP with BCAS is 

associated with impaired PA endothelium-dependent dilation. We also show that inhibiting 

sEH activity improves the dilatory function in the PAs. Even a small increase in dilatory 

capacity can substantially enhance blood flow to downstream capillaries during functional 

hyperemia given that flow is proportional to the fourth power of the radius (as per Poiseuille 

equation of fluid dynamics). Although our studies link vasodilation to cognitive function, it 

is also possible that inhibiting sEH may protect against memory deficits by promoting 

neurogenesis and neuronal survival.
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Figure 1. 
Chronic TPPU administration improves cognitive function in SHRSP with BCAS without 

changing cerebral perfusion or systolic blood pressure. Cognitive function, assessed by 

novel object testing, was improved in TPPU treated rats at both a 90 minute and 24-hour 

retention time (A). Perfusion was assessed by scanning laser Doppler (B) for TPPU treated) 

and blood pressure was measured by tail-cuff (C). Data was compared using a Student’s t-

test, p values and the number of replicates are indicated on each graph.
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Figure 2. 
Chronic TPPU treatment improved endothelium-dependent dilation in PAs without changing 

myogenic tone. TPPU treatment had no effect on myogenic tone (A) but improved 

carbachol-mediated dilation (B). TPPU treatment reduced the sensitivity of the PAs to SNP 

(C) without affecting the dilation induced by calcium channel blockade (D). Concentration 

response curves were compares by two-way ANOVA, p values and the number of replicates 

are indicated on individual graphs. Myogenic tone generation was compared by a Student’s 

t-test, the p value and the number of replicates is indicated on the graph.
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Figure 3. 
Chronic TPPU treatment after BCAS had no effect on PA structure. TPPU had no effect on 

the PA lumen diameter (A), wall thickness (B), vessel area (C) or wall-to-lumen ratio (D). 

Data was compared using an unpaired Student’s t-test, P values and replicate numbers are 

shown on each graph.
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Figure 4. 
TPPU treatment increased the mRNA expression of markers of neurogenesis and neuronal 

support. mRNA expression was assessed in the brain by qRT-PCR using Taqman primers. 

The expression of doublecortin mRNA was increased (A) while the expression of 

synaptophysin mRNA was unchanged (B). The expression of BDNF mRNA was increased 

by TPPU treatment (C). Data was compared using a Mann-Whitney nonparametric t-test, p 

values and replicate numbers are shown on each graph.
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Figure 5. 
TPPU increased the mRNA expression in the brain of sEH, TNF-alpha and SOD3 without 

changing the expression of arginase 1. mRNA expression was assessed in the brain by qRT-

PCR using Taqman primers. The expression of the mRNA for sEH was increased in TPPU 

treated rats (A), while the mRNA for arginase 1 was unchanged (B). The mRNA expression 

of TNF-alpha and SOD3 were both increased in the brains of TPPU treated rats compared to 

vehicle (C and D). Data was compared using an unpaired Student’s t-test, P values and 

replicate numbers are shown on each graph.
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Figure 6. 
TPPU had no effect on memory function, myogenic tone, or vasodilation in sham operated 

rats. TPPU treatment did not improve cognitive function in sham operated SHRSP (A). 

TPPU treatment also had no effect on myogenic tone generation in sham rats (B) or on 

carbachol-mediated dilation (C). Where appropriate, data was compared using an unpaired 

Student’s t-test, P values are shown on each graph. The concentration response curve data 

was compared by two-way ANOVA and P values are shown in the graph. The number of 

replicates used is shown on each graph.
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