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Abstract 
In this study, multiple measures of angiogenic processes were assessed in murine brain endothelial 
(bEnd.3) cells after exposure to the stable prostacyclin analog, iloprost. Additionally, changes in 
the γ-secretase enzyme were evaluated after activation of prostacyclin signaling using PGI2 
overexpressing mouse brain tissue and immunohistology studies in bEnd.3 cells. A three-
dimensional assay of tube formation revealed that iloprost inhibits normal formation by 
significantly reduced tube lengths and vessel mesh area. The iloprost-mediated inhibition of tube-
like structures was ameliorated by a specific IP-receptor antagonist, CAY10449. Reductions in 
wound healing were observed with iloprost application in a dose-dependent manner and this effect 
was reversed using CAY10449. Iloprost did not exhibit anti-proliferative effects in the bEnd.3 
cells. When subjected to a Transwell assay to evaluate changes in trans-epithelial electrical 
resistance (TEER), bEnd.3 cells displayed reduced TEER values in the presence of iloprost an 
effect that lasted over prolonged periods (24 hours). Again, CAY10449 was able to reverse 
iloprost-mediated reductions in TEER value. Surprisingly, the adenylyl cyclase activator, 
forskolin, produced higher TEER values in the bEnd.3 cells over the same time. The TEER results 
suggest that iloprost may not activating the Gs protein of the IP receptor to increase cAMP levels 
given by the opposing results seen with iloprost and forskolin. In terms of γ-secretase expression, 
PGI2 overexpression in mice increased the expression of the APH-1α subunit in the hippocampus 
and cortex. In bEnd.3 cells, iloprost application slightly increased APH-1α subunit expression 
measured by western blot and interrupted the colocalization of Presenilin 1 and APH-1α subunits 
using immunohistochemistry. The results suggest that prostacyclin signaling within bEnd.3 cells 
is anti-angiogenic and further downstream events have effects on the expression and most likely 
the activity of the Aβ cleaving enzyme, γ-secretase.  
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Introduction 
Alzheimer’s disease (AD) is the leading form of 
dementia in people 65 years or older and is 
characterized by a progressive loss of thinking, 
behavioral and social skills. AD is a multifactorial 
disease involving extracellular deposition of amyloid 
plaques and intracellular neurofibrillary tangles 

leading to synaptic dysfunction, activation of 
microglia, decreased vascular tone and structure, and 
ultimately neuronal death. Epidemiological studies 
demonstrate considerable overlap between AD and 
cerebrovascular disease that causes an added or 
synergistic worsening of pathologies on cognitive 
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decline [1, 2]. The two most common forms of vascular 
pathologies in AD are cerebral amyloid angiopathy and 
small vessel disease [3].  

The first pathophysiological changes to occur in 
individuals with preclinical AD are of vascular origin 
including reduced cerebral blood flow and focal 
morphological changes in capillary networks [4, 5]. 
Our understanding of the intricate signaling 
mechanisms of angiogenesis have developed over the 

last 30 years with increased interest in angiogenesis-
dependent tumor research [6]. Angiogenesis, in 
physiological conditions, is a balance at the local level 
between endogenous stimulators and inhibitors of this 
process [6]. However, little is known about the 
intracellular processes that determine cerebrovascular 
damage in AD, and effective blood brain barrier-
protective substances for AD treatment have yet to be 
identified.  

Figure 1. Prostacyclin analogue, Iloprost, inhibits pre-capillary tube formation in vitro. bEnd.3 cells were plated in triplicate at 50,000 cells 
per well in 48 well assay plates containing a 150uL layer of matrigel, a basement membrane extract. Peak tube formation is observed at 3 hours 
and phase contrast images were taken of each well in each quadrant. Representative 10X magnification images of five independent experiments. 
VEH – vehicle, ILO – iloprost. Reduced mesh area (A) and length (B) are observed in brain endothelial cells (bend.3) cells after 3 hours incubation 
with Iloprost. The data represent the means ± S.E.M. of five independent experiments. *p < 0.05 with respect to non-treated vehicle wells measured 
by unpaired t tests. VEH – vehicle, ILO – iloprost. 
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Epidemiological studies and clinical data suggest 
that nonsteroidal anti-inflammatory drugs (NSAIDs) 
are beneficial in the treatment and prevention of AD 
[7]. The protective effects of NSAIDs in AD have been 
attributed to the anti-inflammatory effects produced by 
cyclooxygenase-2 (COX-2) inhibition [8]. COX-2 
plays a major role in inflammatory reactions in the 
peripheral tissues carried out by its metabolic products, 
prostaglandins (PGs), including PGE2, PGD2, PGF2α, 
TXA2, and PGI2. The vascular properties of these 
metabolic products have been investigated in models 
of ischemia and stroke. However, the pathophysiologic 
effects of PGI2 in the brain are not well studied. This 
report will continue investigations into the vascular 
effects of PGI2 within models of the cerebral 
vasculature. 

Previous studies in our lab described exacerbated 
pathology and harmful cerebral vascular effects of 
prostacyclin overexpression in the APdE9 animal 
model of AD [9]. We found that upregulated 
prostacyclin expression significantly worsened 
cognitive abnormalities, accelerated amyloid 
pathology, and damaged the neurovasculature  PGI2 
overexpression selectively increased soluble amyloid-
β 42 production, total amyloid accumulation, and 
burden. PGI2 altered microvessel length and 
branching, and PGI2 expression in combination with 
amyloid was more detrimental than amyloid 
expression alone. Experimental studies suggest a role 
for PGI2 in the pathogenesis of AD through 
mechanisms relating to the γ-secretase cleavage 
enzyme of the amyloid precursor protein and recent 
reports have described that a key subunit of this 

Figure 2. Delayed wound closure with iloprost application. (A) bEnd.3 cells were mechanically injured, and wound healing was followed over 
a 24-hour period (n=3-5, * p < 0.05). Representative images at 0, 4, 12 and 24 hours are presented. Scale bar = 200 µm. (B-C) Relative wound 
closure and healing rates over 24 hours. N = 3-6 independent experiments. Data are presented as the mean ± SEM. VEH – vehicle, ILO – iloprost, 
CAY – CAY10449.   
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enzyme, APH-1α, plays a significant role in both 
amyloid beta metabolism and angiogenesis [10]. 

In this study, we used functional, biochemical, 
and molecular approaches to investigate the effects of 
iloprost, a stable prostacyclin analog, on in vitro 
models of angiogenesis. While recognizing the 
potential role of γ-secretase in iloprost-mediated 
vascular effects, this study focuses on alterations to the 
enzyme’s subunits and their role in the inhibitory 
effects of iloprost during angiogenesis.  

Results 

Effects of iloprost on tube formation 
 Tubule formation is an integral process in 
angiogenesis. We utilized a three-dimensional 
Matrigel assay to assess the potential effects of iloprost 
application on brain vascular endothelial cells from 
mice (bEnd.3 cells, ATCC) after tube formation is 
induced. When bEnd.3 cells are applied to the thick 
Matrigel matrix, the basement membrane extract 
encourages the cells to morphologically differentiate 
into robust, pre-capillary “tubes” that is recognized as 
one of the initial steps in blood vessel formation [11] 
with peak tube formation occurring around 3-4 hours. 
Multiple tube characteristics were calculated using 
inverted-phase contrast microscopy, where two 
dimensional images of the top of the well were 
captured and analyzed with a 2D tracing software. As 
shown in Figure 1A, the total mesh area created by 

connected tubules was significantly reduced after 
iloprost treatment of 1 nM relative to the vehicle (P < 
0.05). Also, tube length in the presence of 100 nM 
iloprost was significantly reduced to 4525 from the 
vehicle group at 5746 (P < 0.05; Figure 1B). These 
results demonstrate the potential of iloprost to inhibit 
tube-formation. 

Iloprost prevents wound healing 
A well-established process of angiogenesis is cell 

migration after an injury or wound. To determine 
whether iloprost could inhibit cell migration we 
utilized a wound-healing assay to explore changes in 
migration following treatment with iloprost in the 
presence or absence of the IP-receptor antagonist, 
CAY10449. As shown in Figure 2A, identical injuries 
were made to confluent monolayers and images taken 
every 0, 4, 12 and 24 hours. The percentage of wound 
closure at 24 hours after wounding was about 50% in 
vehicle treated cells, whereas in 3 nM iloprost treated 
cells, the percentage decreased to 36.6% (P < 0.05, 
Figure 2B). Also, the wound healing rate at 24 hours 
was significantly reduced in the 3 nM iloprost group 
relative to the vehicle group (P < 0.05, Figure 2C). 
Addition of CAY10449 30 minutes prior to wounding 
and during the length of the assay was able to rescue 
iloprost-induced inhibition of cell migration into the 
wounded area (P < 0.05, Figure 3). These data show 
that iloprost reduces cell migration distance and this 

A B Figure 3. IP receptor-antagonist 
reversed iloprost-mediated delays in 
wound closure. Addition of CAY at a 
concentration of 10 nM for 30 minutes 
prior to iloprost application and during 
the 24-hour period prevents iloprost-
mediated delays in wound healing. N = 
3 independent experiments. Data are 
presented as the mean ± SEM. VEH – 
vehicle, ILO – iloprost, CAY – 
CAY10449. 
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effect is mediated through the IP receptor as 
CAY10449 was able to reverse this inhibition. 

Decreased TEER values in bend.3 cells after iloprost 
application  

bEnd.3 cells grown on Transwell membranes 
were incubated with 1 nM iloprost, iloprost with 10 nM 
CAY10449 (Figure 4A). Iloprost application caused a 
significant decrease in TEER value at 3 hours and 
maintained this decreased TEER value over 12 hours 
(Figure 4B, p < 0.05). IP receptor inhibition with 
CAY10449 incubation in combination with iloprost 
ameliorated the decrease in TEER value to values to 
that of vehicle levels (Figure 4B). Notably, when 

CAY10449 was applied on its own TEER values 
significantly increased by 3 hours and this effect is 
sustained over the 24-hour period (Figure 4B, p < 
0.05).  

To assess if the iloprost-mediated decrease in 
TEER value is related to elevated cAMP levels within 
the cells we decided to use the adenylyl cyclase 
activator, Forskolin, to simulate increased cAMP 
levels. Transwell membranes with bend.3 monolayers 
were treated with 10 µM Forskolin and TEER 
measured over a 24-hour period. Interestingly, the 
TEER value of bEnd.3 cells treated with Forskolin 
significantly increased after 3 hours and the effect 
became more significantly profound by hour 24 
(Figure 5, p < 0.05).  

Iloprost has no effect on cell proliferation in bEnd.3 
cells 

Another important process in the angiogenesis is 
cell proliferation. Prostacyclin signaling is known to 
exhibit anti-proliferate effects in VSMCs of the 
peripheral vascular system and in preclinical studies of 
HUVECs. Proliferation of bEnd.3 monolayers in the 
presence of iloprost for 3 hours was quantified using a 
Click-iT Edu incorporation assay. Representative 
fluorescent images of the EdU-positive cells are shown 
in Figure 19. The number of EdU-positive cells were 
unchanged in the presence of iloprost treatment at 0.01 
nM – 100 nM (Figure 6). 

 APH-1α is highly expressed in APdE9/CP-Tg 
transgenic mice 

Previous evidence has indicated a pivotal role of 
the APH-1α subunit of the γ-secretase complex in the 
pathogenesis of AD [10, 12]. We evaluated the 
expression levels of APH-1α in an AD mouse model 
overexpressing prostacyclin synthase. As shown in 
Figure 7, immunostaining of APH-1α was markedly 
increased in the hippocampal neurons of both CP-Tg 
and CP-Tg/APdE9 mice and within neurons of the 
cerebral cortex in CP-Tg mice at 18-20 months of age 
when compared to age-matched controls (P < 0.05, 
Figure 7A&B).  

A Drug application 

B 

Figure 4. Decreased barrier integrity of bEnd.3 monolayers in 
presence of iloprost. (A) Schematic of the in vitro barrier model. (B) 
Relative TEER values evaluated for a 24-hour period on the 5th day 
after seeding for iloprost, iloprost with 10 nM CAY10449 and 10 nM 
CAY10449 alone. CAY10449 was applied for a 30-minute pre-
incubation before iloprost was added. N = 4 independent 
experiments. Data are presented as the mean ± SEM. * p < 0.05 with 
respect to the non-treated vehicle wells measured by one-way 
ANOVA. VEH – vehicle, ILO – iloprost. 
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Iloprost disrupts colocalization of Presenilin 1 and 
APH-1α subunits of the γ-secretase complex 

Following our expression studies of the APH-1α 
subunit, we wanted to assess the interaction of this 
subunit to the catalytic subunit Presenilin 1 in vitro in 
response to iloprost stimulation. Monolayers of bEnd.3 
cells were subjected to a 3-hour incubation with 
iloprost and subsequently fixed and stained for the 
APH-1α and Presenilin 1 subunits. High resolution 

images were captured and are represented in Figure 8. 
Colocalization analysis in ImageJ revealed that 
iloprost caused a significant interruption in the 
interaction of the two subunits measured by Manders 
Colocalization Coefficients. Specifically, the fraction 
of immunoreactive APH-1α overlapping or in direct 
contact with immunoreactive Presenilin 1 was 
significantly decreased after iloprost application (M1 
coefficient) (P < 0.05, Figure 9). However, no change 
was detected in the percentage of immunoreactive 
Presenilin 1 overlapping immunoreactive APH-1α 
(M2 coefficient) (Figure 9).  

Western blot analysis of γ-secretase subunits after 
iloprost application in bEnd.3 cells and in 
APdE9/CP-Tg mice 

Mouse bend.3 cells were treated with increasing 
concentrations of Iloprost for 3 hours before extracting 
protein for western blotting. One-way ANOVAs were 
used to analyze differences in protein levels in 
response to increasing doses of iloprost. No significant 
differences were found in the APH-1α, Presenilin 1, or 
Nicastrin subunits of the γ-secretase enzyme at any 
dose (Figures 10). Iloprost application did not appear 
to significantly influence the levels of Notch 1 and 
Notch 3 cleaved intracellular signaling domains 
(Figure 11). 

Figure 5. Forskolin increases barrier integrity of bEnd.3 
monolayers measured by increased TEER values. TEER values 
evaluated for a 24-hour period on the 5th day after seeding for 
adenylyl cyclase activator, forskolin. N = 3 independent experiments. 
Data are presented as the mean ± SEM. * p < 0.05 with respect to the 
non-treated vehicle wells measured by one-way ANOVA. # p < 0.05 
with respect to 10 µM Forskolin at 0 hours measured by unpaired t 
tests. VEH – vehicle. 
 

Figure 6. Iloprost application has no 
effect on bEnd.3 cell proliferation. 
(A) EdU (red) was used to detect the 
newly synthesized DNA of 
proliferating cells during the 3 hour 
iloprost treatment, and DAPI (blue) 
was used to measure total cell number. 
(B) The proliferation index of EdU 
positive cells to total cells was not 
affected by iloprost treatment N = 3. 
Data are presented as the mean ± SEM. 
One-way ANOVA. VEH – vehicle, 
ILO – iloprost. 
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Brain homogenates of prostacyclin 
overexpressing mice and their respective controls 
(NTg, CP-Tg, and APdE9 mice) were lysed in RIPA 
buffer and assessed using western blotting. One-way 
ANOVAs were used to analyze differences between 
the four groups. Western blot analysis revealed no 
significant changes in the Presenilin 1 protein levels 
between the groups (Figure 12). The APdE9 and 
APdE9/CP-Tg brain homogenates exhibited 
significant increases in mature nicastrin with no 
changes in the immature form of nicastrin (Figure 12, 
p < 0.05). No changes in Notch 1 intracellular signaling 

domain were observed between the different groups 
(Figure 13).  

Discussion 
In this study we evaluated the response of bEnd.3 

cells to exogenous application of the vasodilator and 
platelet inhibitor, iloprost, by the quantification of 
capillary-like tube formation, wound repair, 
proliferation, and permeability. Our present findings 
confirm that stimulation of brain endothelial cells by 
the prostacyclin analogue, iloprost, restricts multiple 
measures of angiogenesis. Treatment with iloprost in 

Figure 7. APH-1α is highly induced in mice expressing the CP-Tg 
genotype when compared to age-matched controls. Tissue blocks 
were created from brains excised and fixed in alcohol-free, Accustain 
followed by OCT embedding. The immunoreactivity of APH-1α was 
determined by immunofluorescence using an anti-APH-1α antibody on 
60 µm free floating slices. Three randomly selected 100X z-stack 
images were captured in both the cerebral cortex and pyramidal cell 
layer of the hippocampus for all four genotypes. The immunoreactivity 
of APH-1α was quantified using intensity graphs of each 3D image stack 
separately for each region of interest, the cortex (A) or the hippocampus 
(B). N = 4-5 brains per group. Data are presented as the mean ± SEM. 
*p < 0.05 with respect to the NTg controls measured by one-way 
ANOVA. 
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vitro reduced pre-capillary tube formation and 
suspended wound healing abilities but had no effect on 
short term proliferation. Monolayer integrity measured 

by TEER displayed reduced resistance values in the 
presence of iloprost; however, this effect appears to be 
cAMP dependent as the adenyl cyclase activator, 

Figure 8. Representative images of disrupted localization of APH-1α with Presenilin 1 subunits after Iloprost treatment. bEend.3 cells were 
plated onto 12 mm coverslips given 2 days to grow and then treated with 1 nM of Iloprost for 3 hours. After incubation the cell monolayers were 
immediately fixed in 100% ice-cold methanol for 5 minutes at room temperature. Cells were permeabilized with 1X PBS containing 0.1% Triton 
X-100 for 10 minutes before a 1-hour protein block incubation in 1X TBST containing 5% donkey serum. Cells were then incubated with an anti-
Presenilin 1 antibody at 1:200 overnight, biotinylated anti-rabbit secondary the next day for 1 hour and a streptavidin Dylight 649 fluorophore for 
10 minutes. The cells were then given an avidin-biotin block. After washing the cells were then incubated in anti-APH-1α antibody at 1:200 
overnight, a biotinylated anti-rabbit secondary the next day for 1 hour and a streptavidin Dylight 488 fluorophore for 10 minutes. Coverslips were 
then mounted onto slides and nine 100X z-stack images were captured for each of the control and Iloprost groups (three image stacks per coverslip 
with triplicate coverslips). N = 3 independent experiments. 
 

A B 

Figure 9. Colocalization analysis of Presenilin 1 
and APH-1α subunits of γ-secretase after iloprost 
treatment. Manders colocalization coefficients 
(MCCs) quantified from dual immunofluorescent 
images of APH-1α- and Presenilin 1-positive bEnd.3 
monolayers. The M1 coefficient signifies the fraction 
of immunodetectable APH-1α overlapping Presenilin 
1 (A). Whereas the M2 coefficient signifies the 
fraction of immunodetectable Presenilin 1 
overlapping APH-1α (B). N = 3 independent 
experiments. Data are presented as the mean ± SEM. 
*p < 0.05 with respect to vehicle measured by 
unpaired t tests. n.s. – not significant. 
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forskolin, showed increased TEER values within the 
same time frame. These data suggest that IP receptor 
activation plays a significant physiologic function in 
disrupting angiogenic processes and increasing 
vascular permeability. In this context, we describe a 
new role for prostacyclin in the regulation of vascular 
homeostasis in models of angiogenesis within the 
cerebral vasculature.   

Prostacyclin is released from the endothelium as a 
vasoactive molecule after activation of COX-1 by 
physical or chemical stimuli. Hallmarks of AD include 
the deposition of amyloid plaques and neurofibrillary 
tangles alongside chronic inflammation caused by 
impaired clearance of these aggregated proteins. In 
response, the vascular endothelium produces and 
releases prostacyclin to serve as a vasodilator to 
increase blood flow and migration of leukocytes to the 
site of damage as well as promote oedema in the 
surrounding tissue [13]. Alongside these properties, 
prostacyclin has been recognized for its participation 
in regenerative processes of the cardiovascular system 
after endothelium injuries in events such as stroke, 
pulmonary hypertension and pulmonary fibrosis [14–
17]. The implication of these prostacyclin-mediated 
effects to the brain vasculature during pathogenesis of 
AD are less studied.  

Prostacyclin is well documented for maintaining 
vascular homeostasis and inhibiting smooth muscle 
cell remodeling [13, 15, 18, 19]. Herein we 
demonstrate an inhibitory effect of iloprost on brain 
endothelial cell differentiation into tubules and 
endothelial cell migration after wound infliction. 
Limited comparisons are available, yet one study 
found that iloprost applied to an in vivo angiogenesis 
model of chick chorioallantoic membranes and an in 
vitro tube formation assay of human umbilical vascular 
endothelial cells (HUVECs), no significant changes in 
vessel growth or tube formation were observed, 
respectively [20]. Conversely, HUVECs treated with 
the IP receptor agonist, taprostene, exhibited increased 
tube formation in vitro when applied to basement 
membrane extract and increased cell migration 
measured by a matrigel droplet migration assay [21]. 
Notably, when higher concentrations of taprostene 
were given migration reduced to only 26% of the 
control at concentrations up to 25 µM and tube length 
fell to 29% of control at concentrations up to 25 µM 
[21]. They concluded that this effect was due to the 

Figure 10. Western blot analysis of APH-1α and Presenilin 1 protein levels in bEnd.3 cells after a 3-hour incubation with iloprost. Iloprost 
did not significantly alter APH-1α, Presenilin 1, or Nicastrin protein levels in bEnd.3 cells. Total β-actin levels were used to assess consistent lane 
loading. N = 3. Data are presented as the mean ± SEM. One-way-ANOVA. 
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deactivation, internalization and subsequent 
phosphorylation of the IP receptor as a G-protein 
coupled receptor by intentionally causing 
desensitization with high concentrations [21].  

To the best of our knowledge this is the first time 
that a prostacyclin analogue has proven to be anti-
angiogenic. This suggests that the endothelium in the 
brain reacts is ways yet to be understood, a new 
function of prostacyclin in the context of the 
cerebrovasculature. A similar behavior is observed 
between the pulmonary endothelium and the systemic 
endothelium when reductions in oxygen concentration 
can induce opposite responses [22]. For example, 
hypoxia in the pulmonary endothelium leads to 
vasoconstriction, whereas hypoxia in the systemic 
arterial endothelium causes a vasodilatory response 
[22]. Farber concludes that endothelial cells are the 
initial cell in detecting alterations in blood flow and 
oxygen and depending on the tissue needs could likely 
have varying oxygen-sensing mechanisms activated in 
response to low concentrations [22]. As angiogenesis 
is a process sensitive to changes in blood flow and 
oxygen concentrations, there is basis for varying 
angiogenic responses between endothelial cells of two 
different vascular beds.    

We found that acute incubations of iloprost also 
decreased brain endothelial cell resistance indicating 
an increase in vascular permeability. TEER assays are 
a widely accepted parameter to assess barrier integrity 

as it replicates tight junction dynamics that can be 
measured in various cell culture models such as 
monolayers or cocultures. Changes in TEER value can 
then be monitored in real time after application of 
drugs or chemicals. Previous literature is 
complementary to our findings. Early reports found 
that intradermal injections in mice with exogenous 
prostacyclin combined with nitric oxide donors or 
bradykinin synergistically increased vascular 
permeability, but not when administered alone [23, 
24]. This indicates an interaction between prostacyclin 
and another vasoactive substance is necessary to 
induce vascular permeability in vivo, whereas we have 
shown PGI2 is capable of this on its own in vitro, 
specifically in endothelial cells. A more recent report 
showed that iloprost applied at 1 µM prevented LPC-
mediated vascular barrier disruption in an in vitro BBB 
model (consisting of rat brain endothelial cells, 
pericytes and astrocytes) [25]. However, when iloprost 
was applied alone to the BBB model or monocultures 
of rat brain endothelial cells they found no significant 
changes in the TEER value [25]. An important 
difference to note from this study is the high dose of 1 
µM used that is likely to induce greater desensitization 
of IP receptors given that the recorded inhibition 
constant (ki) of iloprost is 3-10 nM [26, 27].  

Our previous work in mice indicates that amyloid 
burden is directly affected by prostacyclin expression. 
We found selective increases of Aβ42 in the soluble 

Figure 11. Western blot analysis of 
Notch 1 and Notch 3 protein levels in 
bEnd.3 cells after a 3-hour 
incubation with iloprost. Iloprost did 
not change Notch 1 or Notch 3 protein 
levels in bEnd.3 cells. Total β-actin 
levels were used to assess consistent 
lane loading. N = 3-5. Data are 
presented as the mean ± SEM. One-
way ANOVA.  
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pool from AD mice overexpressing PGI2, suggesting a 
role for PGI2 in bias γ-secretase processing. To further 
investigate a functional relationship between PGI2 and 
γ-secretase we assessed changes in the enzyme’s 
subunits when exposed to PGI2. We found 
significantly higher levels of immunoreactive APH-1α 
in brain slices of both PGI2 overexpression models, the 
single transgenic and the double transgenic with AD. 
Notably, although the production of the APH-1α 
subunit was influenced by PGI2 overexpression alone 
we do not see a congruent increase in Aβ40 or Aβ42 
levels in whole brain homogenates. These results 
suggest that PGI2-mediated increases in γ-secretase 
subunits do not on its own lead to a pathogenic amyloid 
phenotype, it is only the combination of PGI2 and an 
AD genotype that causes synergistic increases in 
Aβ42.  

The results of IP receptor activation in vitro 
demonstrated a reduced colocalization of the 
Presenilin 1 and APH-1α subunits from the position of 
APH-1α. Two interpretations can be made of these 
results considering we know PGI2 has repeatedly be 
shown to increase γ-secretase cleaving activity. First, 
reduced colocalization may be due to an increase in the 

production of the APH-1α subunit and perhaps these 
newly synthesized proteins have yet to bind to a γ-
secretase complex within the endoplasmic reticulum 
(Lee et al., 2002 J Biol Chem). Second, increased 
activity of the enzyme may lead to a recycling of whole 
complexes that would causes the subunits to be 
separated for a time. Although, these interpretations 
are limited due to the single time point captured and 
more delineating results could have been observed if 
images were taken over time. These findings are 
supported by recent work on prostacyclin signaling 
influencing APP processing mechanisms. Agonist 
activation of the IP receptor was found to increase the 
expression of the amyloid precursor protein, resulting 
in the increased production of Aβ [28]. Another report 
suggests that downstream activation of the 
PKA/CREB pathway after prostacyclin injections 
induces upregulation of the APH-1α subunit thus 
increasing γ-secretase-dependent cleavage that leads to 
an accumulation of Aβ c-terminal fragments in an 
APP/PS1 transgenic mouse model [10]. 

Figure 12. Western blot analysis of Nicastrin and Presenilin 1 protein levels in APdE9/CP-Tg mice. APdE9 mice models exhibited increased 
protein levels of mature Nicastrin. However, protein levels of immature Nicastrin remain unchanged among the four mouse genotypes. Neither 
genotype displayed a significant change in Presenilin 1 protein levels. Total β-actin levels were used to assess consistent lane loading. N = 4-5 
mice per group. Data are presented as the mean ± SEM. One-way ANOVA.  
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The γ-secretase complex is formed through a 
concerted assembly of four subunits involving 
trafficking through the endoplasmic reticulum to the 
Golgi in a process that matures the enzyme to then be 
recycled through lysosomes (~95%) or transported to 
the cellular membrane for substrate cleavage (~5%) 
[29]. Each of the four subunits provides an integral role 
for which all subunits are required for γ-secretase 
activity [30]. In response to IP receptor activation, no 
significant changes in γ-secretase subunit protein 
levels were observed in bEnd.3 cells. However, the 
levels of APH-1α did show an upward trend to 
increasing doses of iloprost which would be consistent 
with previous results and literature describing PGI2 as 
a stimulator of APH-1α production [10]. A limitation 
of this study would be that the bEnd.3 cells are native 
cells with no additional AD related mutations which 
may lead to reduced or limited γ-secretase activity 
possibly explaining the absence of robust changes in 
subunit production. Another possible limitation as to 
why subunit levels remained unchanged is that they 
were assessed in non-neuronal, vascular cells, while 
the expression of γ-secretase is ubiquitous across cell 
types the extent of expression and protein regulatory 
mechanisms between neuronal and non-neuronal γ-

secretase may differ [31]. No changes in the Notch 1 
or Notch 3 cleavage substrates of γ-secretase involved 
in angiogenesis were observed as well. A possible 
explanation as to why no changes were observed in 
cleaved Notch products could be that protein levels 
were probed from cell lysates of monolayers. This is 
significant because endothelial cells require external 
stimulus to initiate angiogenic processes (i.e. tube 
formation) as part of a differentiation process and 
monolayers would not express the same profile of 
proteins as that of endothelial cells in capillary 
formation. To elucidate the impact of PGI2-mediated 
changes to Notch receptor signaling through altered γ-
secretase activity, future studies will need to focus on 
assessing Notch in endothelial cells in vivo or in 
actively differentiating endothelial cells.   

We also assessed protein levels of two subunits, 
Presenilin 1 and Nicastrin, in whole brain homogenates 
of APdE9 mice overexpressing prostacyclin. We 
observed a downward trend in Presenilin 1 expression 
only in the APdE9 mice, but this effect was not 
significant. Whereas levels of mature Nicastrin were 
increased in both APdE9 mice and APdE9/CP-Tg 
mice. However, the increase in mature Nicastrin levels 
were similar for both mouse groups suggesting that this 
increase is an amyloid-mediated effect alone and 
prostacyclin overexpression was not a contributing 
factor. These results are congruent with previous 
reports that levels of mature Nicastrin are higher than 
immature levels in the presence of Presenilin 
heterodimers due to the formation of more stable γ-
secretase complexes [29]. When observing 
downstream cleavage of Notch 1 receptors, we 
observed no change in cleaved Notch 1 domains. These 
results do not rule out the possibility that γ-secretase 
activity was increased in prostacyclin overexpressing 
mice. The use of whole brain homogenates for western 
blot analysis likely masked possible changes in protein 
levels within specific brain regions that were not robust 
enough to show in the whole homogenate. A limitation 
to this study is that the whole brain homogenates also 
combined all cerebral cell types so changes in neuronal 
vs non-neuronal cell types would be difficult to 
determine. 

Figure 13. Western blot analysis of Notch 1 protein levels in 
APdE9/CP-Tg mice. None of the genotypes had a significant 
change in Notch 1 protein levels. Total β-actin levels were used to 
assess consistent lane loading. N = 4-5 mice per group. Data are 
presented as the mean ± SEM. One-way ANOVA.  
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Conclusions 
This study evaluated the effects prostacyclin 

signaling on angiogenesis measures in in vitro models 
of murine brain endothelial cells. Our previous work in 
a mouse model of AD showed prostacyclin expression 
negatively impacted multiple aspects of vascular 
health and this process was exacerbated with Aβ 
pathology. Given that PGI2 has reportedly 
cardioprotective mechanisms in peripheral tissues, this 
study aimed at delineating the cellular processes 
leading to the detrimental vascular effects in the 
cerebrovasculature. We found that the stable 
prostacyclin analog, iloprost, inhibited various 
angiogenesis processes, including tubule formation, 
tubule length, and wound healing. Tight junction 
integrity was disrupted measured by reduced TEER 
values in response to iloprost, but the proliferation of 
bEnd.3 cells was unchanged. The use of an IP receptor 
antagonist was able to reverse the iloprost-mediated 
reductions and increase tube formation and TEER. 
Chronic vascular dysfunctions most likely play a 
synergistic role in neurodegenerative changes to 
advance cognitive impairment in individuals with AD 
[32]. Understanding the underlying mechanisms 
regulating angiogenic remodeling mechanisms within 
the cerebral vasculature cells would provide novel 
therapeutic targets for vascular damage in AD. We 
conclude that cerebrovascular remodeling by the 
vasoactive signaling molecule, iloprost, is a potential 
contributor to AD cerebrovascular dysfunctions. 

Prostacyclin-mediated effects to the γ-secretase 
complex components and its downstream cleavage 
substrate, Notch 1, were also assessed. In mouse 
models of PGI2 overexpression, we found increased 
APH-1α subunit production with previous reports of 
PGI2 regulating expression of the APH-1α/β subunits 
[10]. In bEnd.3 cells, iloprost application disrupted the 
interaction of the Presenilin 1 and APH-1α subunits 
suggesting altered γ-secretase activity. However, no 
significant iloprost- or PGI2-induced changes in γ-
secretase and Notch were observed via western blot 
analysis. These observations further suggest a new 
relationship between PGI2 signaling and γ-secretase 
dynamics that potentially contribute to the 
pathogenesis of AD.  
 

Materials and Methods 

Brain endothelial (bEnd.3) cell culture  
bEnd.3 cells were purchased from ATCC (CRL-2299) 
and cultured according to manufacturer’s 
recommendation using complete growth medium 
(10% fetal bovine serum in Dulbecco’s Modified 
Eagle’s Medium (DMEM)). Cells were used between 
passage 29 and 32 for all assays. Conditioned media 
for the tube formation assay was obtained by plating 
cells, allowing two days for the cells to recover and 
reach ~30% confluence and then replacing the media 
with 1% FBS media for 24 hours. The conditioned 
media was collected at 24 hours and immediately 
frozen at -80°C until the time of the assay.  

Endothelial capillary-like tube formation assay 
Matrigel® basement membrane extract (0.15 mL, Cat. 
No. 356234, Corning) was added to each well of 48-
well culture plates (Greiner Bio-One) and incubated 
for 30 minutes at 37°C creating a thick layer. Iloprost 
dilutions were prepared in 0.2 mL of 1% FBS media 
and applied to the respective wells. bEnd.3 cells were 
lifted by 0.25% trypsinization and resuspended in 
conditioned media (prepared as described above). 
From the cell suspension, 50,000 cells were applied to 
each well in triplicate for each treatment group, gently 
pipette mixed in the well and incubated for 3 hours at 
37°C. Peak tube formation was determined to be 3 
hours for bEnd.3 cells (data not shown). At 3 hours, the 
endothelial tubes were digitally imaged using a phase-
contrast microscope (Leica Microsystems). The 
relative mesh area and length were determined by a 2D 
tracing software (ImageJ). Data are presented as 
relative average ± SEM of mesh area or total length, 
compared to controls, obtained from five independent 
experiments. 

TEER measurements 
Before seeding, 12-well TranswellTM tissue culture 
inserts (Corning Costar Inc., Corning, NY) were 
coated with collagen, type I from rat tail (Cat. No. 
C3867, Millipore Sigma) at 10 µg/cm2 for two hours 
in a 37°C incubator. bEnd.3 cells were cultured to 
confluence for 5 days on the collagen-coated inserts at 
a seeding density of 1.5 x 105/cm2. An EVOM 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 29, 2021. ; https://doi.org/10.1101/2021.04.28.441854doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.28.441854
http://creativecommons.org/licenses/by-nc-nd/4.0/


Spivey et al., 19 Jul 2016 – preprint copy - BioRxiv 

voltohmmeter (World Precision Instruments Inc., 
Sarasota, FL) was used to measure TEER and 
experiments were performed once the monolayers 
reached a TEER of >30 ohm-cm2. Initial TEER 
measurements were taken in complete growth media 
before replacing the media in the apical chamber with 
iloprost diluted in 1% FBS media and the basolateral 
chambers with fresh 1% FBS media. TEER of blank 
inserts were subtracted from the measured TEER of 
test wells. TEER was determined in duplicate and 
obtained from four independent experiments. 

Wound healing assay 
Cells were seeded at 50,000 cells/well into 48-well 
plates and given 5 days to reach confluence. Scratches 
were made with a plastic 1-200 µl pipette tip across the 
diameter of each well. Cell debris was removed with a 
quick wash of complete media before iloprost dilutions 
in 1% FBS media were added. Images of the wound 
area were collected using a CeligoTM Imaging 
Cytometer (Nexcelom, Lawrence, MA). Quantitative 
analysis of the scratch area was performed using 
ImageJ (MRI Wound Healing Tool by Nathalie 
Cahuzac, Virginie Georget, and Volker Baecker,  
http://dev.mri.cnrs.fr/projects/imagej-
macros/wiki/Wound_Healing_Tool .)  

EdU incorporation assay 
Proliferating cells were detected using the Click-iT 
Plus EdU Alexa Fluor 594 Imaging Kit (cat. No. 
C10639, Life Technologies). Briefly, bEnd.3 cells 
were plated at 20,000 cells/well into 24 well plates 
containing sterilized 12mm round coverslips at the 
bottom of each well. Cells were given 24 hours to 
recover before EdU incorporation. The next day, half 
of the media was replaced with fresh 1% FBS media 
containing 20 µM EdU and increasing concentrations 
of iloprost and incubated for another 3 hours. Cells 
were fixed with ice-cold methanol, permeabilized with 
0.5% Triton X-100 and stained with the reaction 
cocktail prepared according to the manufacturer’s 
instructions. Coverslips were removed from the wells 
and mounted onto microscope slides using Fluorogel II 
with DAPI (cat. No. 17985-50, Electron Microscopy 
Sciences). Coverslips were imaged with confocal 

microscopy and the proliferation index was evaluated 
by dividing total cell number by EdU-positive cells.     

Western blotting 
Cultures of bEnd.3 cells at 80% confluency were 
incubated for 3 hours with Iloprost in 1% FBS media. 
After treatment, the cells were rinsed with cold 1X 
PBS before being scraped and homogenized in 0.1 mL 
of RIPA buffer containing 1% protease inhibitor 
cocktail (Sigma). Rabbit antibodies against Presenilin 
1, APH-1α, Nicastrin and Notch 1 intracellular domain 
were obtained from Cell Signaling Technology. Rat 
antibody against Notch 3 intracellular domain was 
obtained from Biolegend. Blots were probed with a 
mouse anti-actin (ThermoFisher) antibody as loading 
controls. Protein was loaded at 15 ug/well and 
electrophoresis was performed for 1.5 hours at 120V 
using TGX premade gels and BioRad Mini-
PROTEAN Tetra electrophoresis cells. The separated 
protein was then wet transferred onto PVDF 
membrane for 1 hour at 100V. Blots were then blocked 
in TBST with 0.5% non-fat dried milk for 1 hour at 
room temperature and further incubated with primary 
antibodies between 1:100 and 1:1000 dilutions 
overnight at 4°C. The blots were washed and then 
incubated in HRP-conjugated secondary antibodies 
respective to the species of the primary for 1 hour at 
room temperature. Chemiluminescence was detected 
using SuperSignal West Femto substrate 
(ThermoFisher) and a C-DiGit western blot scanner 
(Li-cor).  

Immunofluorescent staining 
In vitro immunostaining was carried out on bEnd.3 
cultures plated onto coverslips. At 50% confluency the 
cells were treated with Iloprost in 1% FBS medium for 
3 hours at 37°C. After drug incubation the cells were 
rinsed in cold 1X PBS and then fixed with ice-cold 
100% methanol for 5 minutes at room temperature. 
Cells were then washed with TBST, permeabilized 
with 0.1% Triton X-100 for 10 minutes at room 
temperature and blocked in TBST containing %5 
normal goat serum for 30 minutes. Cells were then 
incubated with a rabbit anti-Presenilin 1 antibody 
overnight at 4°C, washed with TBST, and incubated in 
buffer containing biotinylated anti-rabbit secondary 
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antibody for 1 hour at room temperature. The cells 
were then washed three times before incubation in 
DyLight fluorophore solution for 10 minutes. The cells 
on coverslips were then blocked using an avidin-biotin 
blocking kit (Thermo) before continuing to the next 
primary antibody. Cells were then incubated with anti 
APH1α antibody, biotinylated anti-rabbit secondary 
antibody and DyLight fluorophore as described 
previously before being mounted onto slides for 
confocal imaging.  

Immunostaining in brain slices 
Brain slices were obtained from our lab as previously 
described (see section 2.2.9). Briefly, the APdE9/CP-
Tg mouse model was developed by crossing CP-Tg 
mice, that express a hybrid enzyme complex linking 
COX-1 to PGIS by a 10 amino acid linker (COX-1-
10aa-PGIS), with APdE9 mice, a model expressing the 
human APP Swedish mutation (AP) and a variant of 
the exon-9-deleted presenilin-1 gene (dE9). 
Confirmation of genotype was determined by PCR 
analysis and heterozygous male and female mice were 
used for this study. Brain were acquired by 
decapitation and post fixation in the formalin free 
fixative, Accustain. Slices were obtained by paraffin 
embedding the brains and cutting 60 µM thick sections 
on a microtome. The free-floating coronal brain slices 
were then subjected to the same dual staining protocol 
as the bEnd.3 cells described above.  

Confocal microscopy and statistical analysis 
For co-localization analysis in bend.3 cells, coverslips 
were then mounted onto slides and nine randomly 
selected 100X z-stack images were captured for each 
of the control and Iloprost groups (three image stacks 
per coverslip with triplicate coverslips) for three 
independent experiments. Co-localization of 
Presenilin 1 and APH-1α was performed using the 
ImageJ JACoP plugin as previously described [33]. All 
z-stacks were processed with background subtraction 
and analyzed using automatic thresholding. An 
unpaired t-test was used to analyze the bend.3 cell co-
localization data. For quantification of APH-1α 
immunoreactivity, three randomly selected 100X z-
stack images were captured in the both the cerebral 
cortex and pyramidal cell layer of the hippocampus for 

all four genotypes. Raw images were run through a cell 
segmentation software [34] to create a binary mask of 
each image that segmented the cells from the rest of the 
image. A manually chosen threshold based on the 
background subtraction of the NTg images was applied 
evenly across the data set. Pixels above this threshold 
were marked positive for APH-1α immunoreactivity 
and these data were divided by total number of pixels 
imaged to obtain relative pixels values across the 
different genotypes. Data were analyzed using one-
way ANOVA. A p value less than 0.05 was considered 
significant. All values are represented as SEM. 
 

End Matter 
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