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Abstract

Background/Aims: Hemodynamics constitute a critical fac-
torinthe formation ofintracranial aneurysms. However, little
is known about how intracranial arteries respond to hemo-
dynamic insult and how that response contributes to an-
eurysm formation. We examined early cellular responses at
rabbit basilar termini exposed to hemodynamic insult that
initiates aneurysmal remodeling. Methods: Flow in the basi-
lar artery was increased by bilateral carotid artery ligation.
After 2 and 5 days, basilar terminus tissue was examined by
immunohistochemistry and quantitative PCR. Results: With-
in 2 days of flow increase, internal elastic lamina (IEL) was lost
in the periapical region of the bifurcation, which experi-
enced high wall shear stress and positive wall shear stress
gradient. Overlying endothelium was still largely present
in this region. IEL loss was associated with localized apop-
tosis and elevated expression of matrix metalloproteinases
(MMPs) 2 and 9. A small number of inflammatory cells were

sporadically scattered in the bifurcation adventitia and were
not concentrated in regions of IEL loss and MMP elevation.
Elevated MMP expression colocalized with smooth muscle
a-actin in the media. Conclusion: The initial vascular re-
sponse to aneurysme-initiating hemodynamic insultincludes
localized matrix degradation and cell apoptosis. Such de-
structive remodeling arises from intrinsic mural cells, rather
than through inflammatory cell infiltration.

Copyright © 2011 S. Karger AG, Basel

Introduction

An intimate relationship has long been recognized be-
tween the formation of intracranial aneurysms and he-
modynamics [1, 2]. Intracranial aneurysms are predomi-
nantly located at apices of arterial bifurcations or outer
curves on or near the circle of Willis [2, 3], where the ves-
sel wall is exposed to a special hemodynamic environ-
ment consisting of high frictional force on the wall (wall
shear stress, WSS) and significant flow acceleration cre-
ating a spatial gradient in WSS (WSS gradient, WSSG)
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[4]. Numerous published cases report patients developing
intracranial aneurysms secondary to increases in blood
tlow associated with incidental occlusions or surgical
procedures [5, 6]. Furthermore, in experimental animal
models, hypertensive lathrytic rats develop aneurysms,
but only after local flow is increased by ligation of the
contralateral blood supply [7]. In rats with induced hy-
pertension and collagen cross-linking deficiency [8] or
estrogen deficiency [9, 10], flow increase due to carotid
ligation is necessary to induce aneurysm formation.

It has been demonstrated that intracranial aneurysms
can be induced in rabbits solely by increasing the flow at
the basilar terminus, in the absence of any other manipu-
lations or risk factors [11-13]. We have shown that early
aneurysmal degradation is strongly localized to regions
of the vessel that experience a combination of high WSS
and positive WSSG, and that there is a threshold level of
WSS and WSSG above which aneurysmal damage almost
always occurs [12]. Thus, specific hemodynamic insult
appears to be a necessary and sufficient factor for intra-
cranial aneurysm formation. Yet, little is known about
how intracranial bifurcations respond at the cellular lev-
el to increased flow and how the response could contrib-
ute to the initiation of aneurysms in the intracranial vas-
culature.

Straight vessel segments respond to chronically in-
creased flow by adaptive remodeling, enlarging until
shear stress at the vessel wall is returned to baseline levels
[14-16]. This adaptive remodeling is a constructive pro-
cess that includes slight, transient degradation of extra-
cellular matrix to permit expansion of the wall scaffold,
synthesis of additional matrix and growth of smooth
muscle to enlarge the vessel, and endothelial proliferation
to maintain coverage of the enlarged surface [17, 18].

In contrast, development of an aneurysm is a destruc-
tive remodeling event, with the wall of the aneurysm ex-
hibiting endothelial damage, loss of internal elastic lam-
ina (IEL), thinning of the media, and inflammatory in-
filtrates [19, 20]. Because the very early stages of intracra-
nial aneurysm formation have not been observed, it is not
clear which of the remodeling events above are direct re-
sponses to the initiating insult and which are later se-
quelae to the initial damage. Moreover, because most an-
eurysm models include additional manipulations such as
lathyrogenic agents and induction of hypertension, it is
not known which responses are elicited specifically by
hemodynamic insult.

In the present study, we examined the early destruc-
tive cellular and molecular responses caused solely by in-
creased flow at an intracranial bifurcation where aneu-
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rysmal development has been documented [12, 13, 21]. A
sustained increase in flow was induced at the basilar ter-
minus in rabbits by ligation of the carotid arteries, then 2
or 5 days later the basilar bifurcation was examined his-
tologically and biochemically for flow-induced changes
indicative of tissue remodeling. Matrix degradation, up-
regulation of matrix metalloproteinases (MMPs), and
increased apoptosis were found to occur very early on,
prior to inflammatory infiltration, suggesting that the
high-flow hemodynamic environment can elicit destruc-
tive remodeling activities from the vessel wall itself.

Methods

Animal Surgery

Adult female New Zealand White rabbits (3-4 kg) were sub-
jected to bilateral common carotid artery (CCA) ligation to in-
crease blood flow to the basilar terminus as reported previously
[11, 21]. The animals were euthanized by the intravenous admin-
istration of 100 mg/kg of sodium pentobarbital at 2 (n = 3) or 5
days (n = 10; 7 for histology and immunohistochemistry, 3 for
quantitative PCR (qQPCR) analysis) after ligation. In control rab-
bits (n = 5; 2 for histology and immunohistochemistry, 3 for gPCR
analysis), carotid arteries were exposed but not ligated, and the
animals were sacrificed 5 days after the operation. All procedures
were in accordance with institutional guidelines for animal ex-
perimentation and approved by the local institutional animal care
and use committee.

Calculation and Visualization of Hemodynamics

Hemodynamics were determined by computational fluid dy-
namics as described previously [12, 22, 23]. Briefly, high-resolu-
tion three-dimensional rotational digital subtraction cerebral an-
giography was performed immediately after CCA ligation and
just before sacrifice using a Toshiba Infinix VS-i system to obtain
vessel geometries. Blood velocity was measured in the basilar ar-
tery in the conscious rabbits before ligation (baseline; day 0) and
on postligation day 1 (after convalescence from the surgery) using
transcranial Doppler sonography (Spencer Technology). Compu-
tational fluid dynamics analysis was performed on the three-di-
mensional image of the basilar bifurcation to obtain baseline and
postligation flow fields, using the pre- and postligation velocity
measurements as the inlet boundary conditions, respectively.

RNA Isolation and Quantitative PCR

Five days after bilateral ligation (n = 3) or sham surgery (n =
3), immediately after sacrifice, the basilar bifurcation of rabbits
were excised in RNAlater reagent (Qiagen). Approximately 1 mm
of the periapical region was dissected, and the total RNA was ex-
tracted from the tissues using the RNAeasy MicroKit (Qiagen).
The ¢cDNA was synthesized from approximately 100-200 ng of
total RNA using a QuantiTect Reverse Transcriptase kit (Qiagen),
according to the manufacture’s instruction. gPCR was performed
with primers specific to rabbit MMP-2 or MMP-9 using 1/20 of
synthesized cDNA with iQ SYBR green supermix (Bio-Rad) and
MyiQ single-color real-time PCR detection system (Bio-Rad).

Kolega/Gao/Mandelbaum/Mocco/
Siddiqui/Natarajan/Meng



18S rRNA was used as a reference gene. The primers sets used
were: forward 5-TGTGTCTTCCCCTTCGTCTT-3', reverse 5'-
CCCCACTTCTTGTCGCTGT-3" for MMP-9; forward 5’-CAT-
GTCTACTATTGGCGGGAAC-3', reverse 5"-TAACCTTGGTC-
AGGGCAGAA-3'" for MMP2; forward 5- GGACAGGATTG-
ACAGATTGATAG-3', reverse 5-CGGACATCTAAGGGCAT-
CAC-3’ for 18SrRNA. The conditions for qPCR reaction were an
initial denaturing at 95°C for 3 min, followed by 40 cycles of 95°C
for 10 sand 60°C for 30 s. A melting-curve analysis was performed
to confirm the absence of primer dimers and other nonspecific
PCR products. The amount of mRNA was expressed as the ratio
to 185 rRNA mRNA.

Tissue Preparation for Immunohistochemistry

Immediately after sacrifice, the vertebral arteries were per-
fused with phosphate-buffered saline and pressure fixed in situ at
150 mm Hg with 10% buffered neutral formalin for 30 min. The
vessels were fixed at this slightly elevated pressure to prevent va-
sospasm and to compensate for the shrinkage that is associated
with the fixation process. The brain was removed and fixed in
10% buffered neutral formalin for 24 h. The basilar bifurcation
was excised, embedded in paraffin and sectioned longitudinally.
Adjacent, 4-pm-thick sections from the median plane of the bi-
furcation were used for Van Gieson staining for signs of destruc-
tive aneurysmal remodeling, and immunohistochemistry stain-
ing for molecular and cellular changes.

For immunohistochemical analysis, sections were deparaf-
finized, rehydrated and incubated with 0.3% H,O, for 5 min to
inactivate endogenous peroxidase. Antigen was unmasked by
boiling sections in 10 mM citric buffer (pH 6.0). Sections were
then stained with mouse monoclonal antibodies: anti-MMP-2
(Chemicon), anti-MMP-9 (Chemicon), PECAM-1 (a gift from
Dr. Peter Newman), RAMI1 recognizing macrophages (Dako),
MCAB805G recognizing neutrophils and T lymphocytes (AbD Se-
rotec), and visualized with EnVision+ System-HRP (DAB) kit
(Dako).

Cell apoptosis in the basilar bifurcation was examined by a
TUNEL assay to detect DNA fragmentation in apoptotic cells us-
ing the ApopTaq Plus Peroxidase in situ Apoptosis Detection Kit
(Chemicon).

For double immunofluorescence staining, smooth muscle cy-
toplasm was stained using a monoclonal antibody to a-actin (Ab-
cam) labeled with Zenon IgG,, Alexafluor 488 probes (Invitro-
gen) and either MMP-2 or MMP-9 antibody labeled with Zenon
IgG, Alexafluor 568 probes (Invitrogen). Fluorescence was im-
aged with a Zeiss Axio Imager Z1 microscope with excitation/
emission wavelengths of 495/519 and 578/603 for the 488 and the
568 probes, respectively.

Quantitation of Immunohistochemistry

Digital color images of stained slides were captured using a
40X objective of a Zeiss Axioskop microscope equipped with a
Hitachi KP-D50U color digital camera and FlashPoint three-di-
mensional FPG 1.5 software (Integral Technology Inc). Quantita-
tion of immunohistochemistry was performed using Image] soft-
ware (NIH). The yellow channel was extracted from the CMYK
color scheme in order to obtain the best contrast and intensity
scale of the image, and to eliminate background as much as pos-
sible [24]. The immunohistochemistry was quantified in four re-
gions of the basilar bifurcation: the periapical region with high
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WSS and high, positive WSSG, the left posterior cerebral artery,
the right posterior cerebral artery and the basilar artery. Due
to slight variation in background between slides, the intensity
threshold used to define positive staining for each stained section
was determined by the following method: the intensity histogram
for the entire basilar artery was obtained and the mean and stan-
dard deviation of the intensities calculated. The threshold value
for positive staining was taken as the mean basilar artery inten-
sity plus 2 standard deviations.

Statistical Analysis

All values are expressed as means * standard error of mean.
Statistical analyses were performed using Systat 11 software for
Mann-Whitney U tests and GraphPad Instat 3.0 software for all
others. Paired and unpaired t tests were used to test for statistical
significance of MMP-2 and MMP-9 protein expression levels, and
Mann-Whitney U tests were used to compare MMP-2 and MMP-
9 mRNA levels as specified in the Results section. One-way ANO-
VA with Bonferroni post hoc correction was used to test for sta-
tistical significance of apoptotic cells and inflammatory cells
across multiple regions of interest. For all statistical tests, differ-
ences were considered significant at p < 0.05.

Results

IEL Was Rapidly Damaged during Hemodynamic

Insult

Histological examination of the basilar terminus after
carotid ligation revealed a number of structural changes
as early as 2 days after CCA ligation (table 1). The most
conspicuous morphological change was prominent and
consistent loss of the IEL in the periapical region. In all
rabbits subjected to carotid ligation (both 2 and 5 days),
IEL was degraded in segments of the basilar terminus
around the apex of the bifurcation (fig. 1c, e), whereas
none of the rabbits that had sham surgery exhibited any
IEL loss (fig. 1a). The average length of IEL loss at 2 and
5 days was 261 * 110 and 358 £ 100 pm, respectively.
Loss of IEL was consistently localized either in segments
flanking the apex or continuously extending from one
side to the other including the apex (fig. 1c, e), which cor-
responds to the region that experiences high WSS and
high, positive WSSG as illustrated in figure 1g.

Apoptosis and Changes in Media Structure Also

Occurred in Regions with IEL Loss

In addition to IEL degradation, one of three 2-day li-
gated rabbits (33%) and six of seven 5-day ligated rabbits
(86%) exhibited localized thinning of the media and out-
ward bulging of the lumen as previously reported [12, 13]
(fig. 1e), indicating progression of aneurysmal changes of
the 5-day rabbits compared to the 2-day rabbits. Because

J Vasc Res 2011;48:429-442 431



Table 1. Frequency of destructive events in the periapical region of the basilar terminus

Sham 2 days after 5 days after
(n=3) ligation (n=3) ligation (n=7)
Number of basilar termini with IEL loss 0 3 7
Number of basilar termini with media thinning and vessel bulging 0 1 6
Number of basilar termini with apoptotic cells in
any layer of the vessel wall 0 3 7
the intima 0 0 5
the media 0 2 2
the adventitia 0 3 3
Number of basilar termini with endothelial loss or discontinuity 0 1 1

Each evaluation was confirmed by the assessments of 2 blinded observers.

the structure of the wall is predominantly due to the
smooth muscle layers, we examined whether there is loss
of cells through apoptosis in the vessel wall. TUNEL as-
says did not detect any apoptotic cells in the periapical
area of sham-operated control rabbits (table 1; fig. 2a), but
revealed apoptotic cells in the vessel wall around the apex
in all animals 2 and 5 days after ligation (table 1; fig. 2b,
¢). The apoptotic cells were found in all 3 layers of the wall
(intima, media and adventitia) and were tightly clustered
around the bifurcation apex, that is, within the area of
high WSS, high positive WSSG and where destructive re-
modeling was indicated by IEL disruption. This localiza-
tion of apoptosis was confirmed by quantifying the dis-
tribution of apoptotic cells in the basilar bifurcations and
specifically comparing the periapical region with the in-
let vessel (basilar artery) and outlet vessels (posterior ce-
rebral arteries) as shown in figure 2d. At 2 days, signifi-
cantly more apoptotic cells were found in the periapical
area than in the right or left posterior cerebral artery or
the basilar artery (1.37 £ 0.20vs.0 = 0,0.13 * 0.13 and
0 £ 0 cells/mm, respectively; p < 0.01 in all 3 compari-
sons), and the same was true at 5 days (1.29 £ 0.43 cells/
mm in the peri-apical region vs. 0.14 £ 0.06,0.06 = 0.04
and 0.11 % 0.06 cells/mm for the right and left posterior
cerebral arteries and the basilar artery, respectively; p <
0.01).

MMP-2 and MMP-9 Were Elevated in the IEL

Destruction Region

The observed IEL loss, media changes and apoptosis
were accompanied by increases in the matrix proteases,
MMP-2 and MMP-9. qPCR analysis of tissue dissected
from the basilar terminus showed that both MMP-2 and
MMP-9 mRNA were significantly increased in the peri-
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apical region of 5-day ligated rabbits compared with con-
trols (fig. 3) [MRNA level relative to 18S rRNA: (2.06 *
0.19) X 10~*in ligated rabbits vs. (0.91 % 0.15) X 10 *in
controls for MMP-2, and (0.14 * 0.02) X 10~*vs. (0.04
+ 0.02) X 10~* for MMP-9, p < 0.01].

Because the periapical region (where IEL degradation
occurred) was too small to provide sufficient tissue for
biochemical quantitation of protein levels, we examined
MMP-2 and MMP-9 protein expression by immunohis-
tochemistry, which also permitted us to examine the spa-
tial distribution of these proteins relative to the hemody-
namic microenvironment. In controls, MMP-2 staining
was weak and ata similar level in all cell layers of the peri-
apical region (fig. 4a, b). In both 2-day and 5-day ligated
rabbits, the MMP-2 expression was increased throughout
all of the basilar bifurcation and appeared greatest in the
periapical areas with IEL destruction (fig. 4c-f).

To verify that MMP-2 expression was most elevated in
the regions subjected to high WSS and positive WSSG,
the immunostaining was quantified in four regions of the
basilar bifurcation: (1) the periapical area, which was ex-
posed to high WSS and positive WSSG and suffered IEL
loss, (2) the left and (3) the right downstream branches
(posterior communicating arteries), where flow was de-
celerating and thus the wall experienced high WSS and
negative WSSG, and (4) the inlet vessel (basilar artery),
which experienced elevated flow and WSS, but no spa-
tial gradient. The percentage of area that was positively
stained in each region is shown in figure 4d. At 2 days,
elevated staining was present in 18.5 * 3.9% of the peri-
apical region versus 6.1 = 1.7and 7.5 % 2.4% for the right
and left posterior cerebral arteries, respectively, as well as
4.5 * 1.6% in the basilar artery. At 5 days, the periapical
region was 7.4 £ 1.4% positive versus 3.3 £ 0.7 and 2.7
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Fig. 1. Rabbit basilar terminus histology (a-f) and hemodynamic
stress distributions (g). Van Gieson staining shows an intact IEL
in the sham control group (a) and loss of IEL in the periapical re-
gion 2 days after carotid ligation (c) and 5 days after ligation (e);
IEL is absent between red arrows. b, d, f Adjacent sections to those
shown in a, c and e were stained for PECAM-1 (brown) and coun-
terstained with hematoxylin (blue). A continuous, PECAM-1-
positive endothelium (indicated by blue arrow head) is seen in all
3 cases. At 5 days after ligation, medial thinning (e) and bulging
(e, f) were also evident. L = Lumen; M = media. Scale bar = 100
pm. g. Three-dimensional representation of the WSS and WSSG

* 1.7% in the right and left posterior cerebral arteries,
respectively, as well as 1.6 = 0.2% in the basilar. Paired t
tests indicated that MMP-2 expression was elevated in a
greater proportion of the periapical area than in each oth-
er segment at both 2 and 5 days (p < 0.05). Furthermore,
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distribution that was sectioned for e and f. Highest WSS values
are very strongly localized to small segments on either side of the
apex, with the highest WSSG values occurring even closer to the
apex - as flow accelerates away from the apex to the WSS maxima.
The brown planes through the three-dimensional renderings
show the cutting plane for the sections in e and f, and the dashed
arrows indicate the lateral edges of those sections. Note that this
segment of the wall experiences both high WSS and high positive
WSSG, and that this combination of hemodynamics is unique to
this location.

MMP-2 was more broadly elevated in the periapical area
at 2 days than at 5 days (18.5 £ 3.9 vs. 7.4 * 1.4%, p <
0.05). Thus, alocalized increase in MMP-2 expression oc-
curred within 2 days of the onset of hemodynamic insult,
but was already subsiding by 5 days.
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Fig. 2. TUNEL staining of the basilar terminus. Apoptotic cells
clustered in regions with IEL disruption at both 2 and 5 days after
bilateral carotid ligation. a, d, g IEL destruction indicated by Van
Gieson staining. b, ¢, e, f, h, i Apoptosis was detected by TUNEL
staining, and is marked by red arrows. a-c Sham control. d-f Two
days after ligation. g-i Five days after ligation. M = Media; L = lu-
men; A = adventitia. Scale bars = 100 pwm. j Tissue sections were
divided into 4 regions as indicated in the diagram, and TUNEL-
positive cells were counted over a vessel length of approximately
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500 wm in each region. The 4 regions are the periapical area (PA),
right posterior cerebral artery (RP), left posterior cerebral artery
(LP) and basilar artery (BA). One-way ANOVA analysis with
Bonferroni post hoc correction indicated that the number of
apoptotic cells in the periapical area was significantly higher than
other areas at both 2 and 5 days. * p < 0.01, periapical area com-
pared with other segments at 2 days. * p < 0.01, periapical area
compared with other segments at 5 days.
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Increased and localized protein expression was also
observed for MMP-9. Immunohistochemistry indicated
that control rabbits had very weak MMP-9 staining and
expressed MMP-9 at a similar level in all cell layers of the
periapical area (fig. 5a, b). In both 2- and 5-day ligated
rabbits, MMP-9 was significantly elevated and localized
in the region of IEL disruption (fig. 5c—f). MMP-9 was
observed in both the adventitia and the media, with
stronger staining associated with the cellular portions
than with the interstitial matrix (fig. 5f). Quantitation of
MMP-9 immunohistochemistry confirmed that elevated
expression occurred preferentially in the periapical re-
gion of both 2- and 5-day ligated rabbits compared to the
inlet and outlet arteries (fig. 5d). At 2 days, the periapical
region was 18.0 * 3.1% positive versus 3.9 * 1.4 and 7.4
* 3.9% in the right and left posterior cerebral arteries,
respectively, aswell as 4.5 £ 1.9% in the basilar artery. At
5 days, the periapical tissue was 27.4 £ 3.4% positive ver-
sus 10.3 * 2.3 and 12.3 £ 3.9% in the right and left pos-
terior cerebral arteries, respectively, as well as 12.9 *
2.6% in the basilar. Like MMP-2, MMP-9 was signifi-
cantly higher in the periapical region in all instances
(p < 0.005, paired Students t tests). However, in contrast
to MMP-2, MMP-9 was more broadly elevated in the
periapical area at 5 days than at 2 days (27.4 * 3.4 vs. 18.0
%+ 3.1%, p <0.05). Thus, the localized elevation of MMP-
9 expression continued to increase to at least 5 days after
ligation.

IEL Damage Frequently Occurred without Loss of the

Overlying Endothelium

Because the increased shear stresses created by in-
creased flow are initially felt only by the endothelium,
we examined the integrity of the endothelium using
PECAM-1 as an immunohistochemical marker. Some-
what surprisingly, we found an intact endothelium at the
basilar terminus in most ligated animals, even when the
underlying IEL was damaged (table 1). One 2-day rabbit
had no PECAM-1 staining over the IEL-damage region,
and one 5-day rabbit had small isolated discontinuities in
the PECAM-1-positive layer, but all 6 remaining ligated
rabbits displayed uniform PECAM-1 staining across the
periapical surface, including regions where the IEL was
clearly degraded (fig. 1d, f).

IEL Damage and MMP Expression Did Not

Correspond to Inflammatory Cell Distributions

Because MMPs were locally elevated in the periapical
region of both 2- and 5-day ligated rabbits, we looked for
neutrophils, T lymphocytes and macrophages as poten-
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Fig. 3. qPCR analysis showing increased MMP-2 and MMP-9
mRNA expression at the periapical area of 5-day ligated rabbits
compared with sham control. The expression level of each sample
is expressed as the ratio to 18SrRNA. The p value for MMP-2 or
MMP-9 shown on the top of each graph is from unpaired t test
comparing ligated to sham.

tial sources. All three cell types were rare in the periapical
region of both control and ligated animals (table 2). One
of two control rabbits, one of three 2-day rabbits, and four
of seven 5-day rabbits had no detectable neutrophils or T
lymphocytes at all. In animals that had neutrophils or T
lymphocytes, only a single cell or a few, very sparsely dis-
tributed cells were detected. No macrophages were found
in the basilar terminus of control animals, but a few mac-
rophages were found in the periapical region of some
ligated rabbits (three of three 2-day rabbits and two of
seven 5-day rabbits). However, whenever neutrophils, T
lymphocytes or macrophages were present, they were
scattered around the whole bifurcation (table 2); ANOVA
showed no preferential localization to the periapical re-
gion where MMP expression and IEL loss were observed
or any other region (p > 0.05). Furthermore, neutrophils,
T lymphocytes or macrophages were found exclusively in
the adventitia and never near the luminal side of the ves-
sel wall where the IEL lies. Figure 6 shows a bifurcation
with clear IEL loss and no inflammatory cells as well as a
segment of the basal artery with intact IEL and several
adventitial macrophages and neutrophils, illustrating the
lack of correlation between the presence of adventitial in-
flammatory cells and loss of the IEL.

MMP-2 and MMP-9 Were Expressed in Smooth

Muscle Cells

Because MMP-2 and MMP-9 were distributed pre-
dominantly in the media, we examined whether they
might be produced at least in part by smooth muscle cells.
Using a-actin as a marker for smooth muscle cytoplasm,
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Fig. 4. Immunohistochemistry showing increased MMP-2 in the
periapical region of ligated rabbits. a-f MMP-2 immunostaining.
a, b Sham control. ¢, d Two days after ligation. e, f Five days after
ligation. M = Media; L = lumen; A = adventitia. Scale bars = 100
pm. g Quantitation of MMP-2 immunohistochemistry. Paired t
tests indicated that the percentage of MMP-2 positive-staining
tissues at the periapical area is significantly higher than other seg-
ments at both 2 days and 5 days. ° p < 0.05, periapical area com-
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pared with other segments at 2 days; * p < 0.05, periapical area
compared with other segments at 5 days. Unpaired t test indicat-
ed that the percentage of MMP-2 positive-staining tissue at the
periapical area at 2 days is significantly higher than at 5 days.
* p <0.05, periapical area at 2 days compared with periapical area
at 5 days. PA = Periapical area; LP = left PCA; RP = right PCA;
BA = basilar artery.
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Fig. 5. Immunohistochemistry showing increased MMP-9 in the
periapical region of ligated rabbits. a-f MMP-9 immunostaining.
a, b Sham control. ¢, d Two days after ligation. e, f Five days after
ligation. M = Media; L = lumen; A = adventitia. Scale bars = 100
pm. g Quantitation of MMP-9 immunohistochemistry. Paired t
tests indicated that the percentage of MMP-9 positive-staining
tissues at the periapical area is significantly higher than other seg-
ments at both 2 days and 5 days. ° p < 0.05, periapical area com-
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pared with other segments at 2 days; * p < 0.05, periapical area
compared with other segments at 5 days. Unpaired t test indicat-
ed that the percentage of MMP-9 positive-staining tissue at the
periapical area at 5 days is significantly higher than at 2 days.
* p <0.05, periapical area at 2 days compared with periapical area
at 5 days. PA = Periapical region; LP = left PCA; RP = right PCA;
BA = basilar artery.
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Fig.6. Lack of correlation between inflam-

matory cells and IEL damage. The periapi- @
cal area and the basilar artery of rabbits

5 days after carotid ligation are shown. a,

d Van Gieson staining to show IEL.

a-c IEL is almost completely lost from the VG
left side of the apex, but immunohisto-
chemistry reveals no macrophages (b) or
neutrophils and T lymphocytes (c) any-
where in the tissue. d-f IEL is still com-
pletely intact in the basilar artery. Both
macrophages (e, arrows) and neutrophils

and T lymphocytes (f, arrows) are ob- ¢
served, and only in the adventitia. M = Me-

dia; L = lumen; A = adventitia; VG = Van
Gieson; M® = macrophages; NT = neutro-
phils and T lymphocytes; PA = periapical NT
region; BA = basilar artery.
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Table 2. Number of inflammatory cells (per 1 mm of vessel length) in and around the basilar terminus in sham

and ligated rabbits
Cell locations Macrophages Neutrophils and T lymphocytes
intima media adventitia intima media adventitia
Periapical region of basilar terminus
Sham surgery 0 0 0 0 0 1.2£12
2 days after carotid ligation 0 0 48%1.9 0 0 34%22
5 days after carotid ligation 0 0 1.0£0.7 0 0 19£13
Right posterior cerebral artery
Sham 0 0 04*04 0 0 0.7%0.2
2 days 0 0 14%0.2 0 0 39%x3.6
5 days 0 0 0.9%0.5 0 0 1.9%0.8
Left posterior cerebral artery
Sham 0 0 0.1x0.1 0 0 1.1x0.5
2 days 0 0 1.1x0.2 0 0 1.1£0.4
5 days 0 0 0.9%0.3 0 0 2107
Basilar artery
Sham 0 0 04*04 0 0 0.9£0.04
2 days 0 0 1.7£0.6 0 0 6.7x4.9
5 days 0 0 04%0.2 0 0 1.3*x0.4
double immunofluorescence staining revealed extensive Discussion

regions of overlap between smooth muscle cells and both
MMP-2 and MMP-9 (fig. 7). In particular, smooth muscle
cells filled those regions of the media flanking the apex
where local upregulation of MMPs was most prominent
(asterisk in fig. 7). MMPs were distributed not only in the
extracellular space surrounding the smooth muscle cells,
but also co-localized with a-actin in the smooth muscle
cytoplasm.

438 J Vasc Res 2011;48:429-442

We have previously shown that bilateral CCA ligation
results in well-developed aneurysmal morphology at the
basilar terminus after 12 and 27 weeks elapsed, including
outward bulging and thinning of the vessel wall [13, 21].
The present experiments show that similar alterations in
the hemodynamics cause rapid, localized destructive
changes in the vascular wall that are visible as early as 2
days after flow is increased. Because no other manipula-
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Fig. 7. Double immunofluorescence of MMPs and smooth muscle
cells. a The periapical area of rabbits 2 days after carotid ligation
were stained for a-actin (green) and either MMP-9 or MMP-2
(red). Note the preponderance of MMP-9 in the media flanking
the apex and the strong co-localization with a-actin in this region

tions were performed, these changes can be attributed to
a direct response of the vessel wall to the altered flow en-
vironment and thus provide important insight into how
hemodynamic insult could contribute to aneurysm ini-
tiation.

A prominent feature of the flow-induced response at
the basilar terminus is increased matrix degradation, as
indicated by IEL loss and upregulation of MMPs. MMP

Responses to Aneurysmogenic
Hemodynamics

(asterisk). b The basilar terminus of a sham-operated rabbit,
stained as in a, shows very little staining for MMP-2 or MMP-9.
Note that a-actin is much more uniformly expressed in the media
of the sham-operated tissue than in the ligated bifurcation.

expression and matrix degradation have been widely ob-
served in aneurysms at much later stages, and such activ-
ity is likely to thin and weaken the vessel wall, particu-
larly as the IEL is the primary load-bearing element in
cerebral arteries [25].

MMP expression has been associated with inflamma-
tory infiltrates in intracranial aneurysms in hypertensive
rats [26]. Additionally, elevated MMP-2 and MMP-9 [27,

] Vasc Res 2011;48:429-442 439



28] as well as inflammatory cells [19, 20] are found in
human intracranial aneurysms. Consequently, extracel-
lular matrix degradation in aneurysms is widely attrib-
uted to MMPs released by infiltrated macrophages [26].
However, in the present study, the sporadic occurrence of
macrophages, neutrophils, and T lymphocytes was not
associated with IEL degradation and MMP accumula-
tion: they were found in the adventitia and not in the in-
tima, they displayed no preferential distribution in dam-
aged vessel segments, and they did not colocalize with
elevated MMP-2 and MMP-9. These results contrast with
the behavior previously reported in a rodent aneurysm
model, where macrophages infiltrated the intima and
media in aneurysms 1 month after induction, and also
infiltrated the adventitia in advanced aneurysms [26, 29,
30]. It is important to note a major difference between
these two model systems in that our rabbits were subject-
ed to a purely hemodynamic insult, whereas the rodent
model used hypertensive animals in which vascular in-
flammation could be greatly exacerbated by the actions
of angiotensin II [31].

Another important difference between the current
tindings and previous reports is that we examined the tis-
sue at a much earlier stage, when more immediate re-
sponses to the inciting hemodynamic insult could be as-
sessed. We have previously documented that the WSS in
the basilar artery and at the basilar terminus peaked al-
most immediately after the CCA ligation and then grad-
ually reduced to the preligation baseline level within
weeks [13, 32]. To our knowledge, our observations are
the earliest stage at which aneurysm initiation has been
examined histologically.

Our results suggest that the initial response to hemo-
dynamic insult is destructive remodeling performed by
the mural cells themselves, rather than inflammatory in-
tiltration. Smooth muscle and endothelial cells both se-
crete MMPs during wound healing in vivo [18] and when
directly exposed to WSS in vitro [33, 34], and we find
MMP-2 and MMP-9 expressed by smooth muscle cells
in response to increased flow at the basilar terminus.
Thus, inflammatory infiltration is not necessary for the
IEL damage and matrix degradation observed in our ex-
periment. If it occurs, it may be a secondary event, per-
haps elicited by matrix degradation products and other
inflammatory signals arising from the initial response.
In the rodent model systems that incorporate other ma-
nipulations, it is possible that such hemodynamically
stimulated, endogenous destructive responses either
precede or act in addition to the systemic, pro-inflam-
matory aneurysm risk factors (such as hypertension, di-
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abetes, aging and smoking) to account for aneurysm ini-
tiation.

Our results indicate that IEL damage in response to
flow insult happened while the endothelium was still
present. Clearly, flow-induced aneurysm initiation does
not arise simply by mechanical erosion of the wall. Rath-
er, it is an active, cell-based remodeling process. MMP
expression by mural cells may reflect a wound-like re-
sponse to hemodynamic insult, with the insult being ex-
perienced initially by the endothelium. The presence of
apoptotic endothelial cells in regions of IEL degradation
suggests endothelial dysfunction, which could lead to
MMP accumulation through (1) direct production of
MMPs by the endothelial cells, (2) a leaky endothelium,
exposing smooth muscle cells to blood components and
activating their wound response, (3) loss of trophic sig-
nals or activation of distress signals from the endotheli-
um to the smooth muscle, and (4) eventual loss of the
endothelium, exposing smooth muscle cells directly to
flow, which has been shown to induce MMP production
by smooth muscle cells in vitro [35]. It is interesting to
note that the expression of a-actin in smooth muscle cells
was much more irregular in the basal termini that were
subjected to increased flow (fig. 7). This may reflect a
transition of the smooth muscle cells from their normal
contractile state to the so-called ‘proliferative phenotype’.

Elevation of MMP-2 and MMP-9 has been shown to
occur when straight vessels undergo adaptive, expansive
remodeling to accommodate a sustained increase in flow,
for example after creation of an arteriovenous fistula [18]
or ligation of a contralateral vessel [36]. During such
adaptive expansion, the IEL is only partially degraded,
developing small fenestration, presumably to permit cir-
cumferential expansion [18, 37], rather than depleted in
large, continuous segments as at the basilar terminus
during aneurysmal remodeling.

A notable difference between the adaptive response of
a straight vessel and the response in the present, aneurys-
mogenic system is the pattern of MMP-2 and MMP-9 ex-
pression. During flow-induced adaptive expansion of the
common carotid artery, MMP-2 expression increases at 1
or 2 days and then the high level of expression and activ-
ity is maintained until 7 days, whereas MMP-9 undergoes
a transient increase in expression that peaks at 1 or 2 days
then declines quickly before day 7 [18, 36]. In contrast, in
our model the elevated MMP-9 levels at the basilar termi-
nus subjected to the aneurysm-initiating hemodynamic
insult were sustained for at least 5 days, while the increase
in MMP-2 was transient. It is interesting to note that
MMP-2 is constitutively expressed in normal healthy ar-
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terial smooth muscle, whereas little or no MMP-9 is ex-
pressed in vessels that are not remodeling [38, 39]. This
suggests that MMP-2 is likely to be involved in matrix
turnover during routine vessel maintenance and growth,
while MMP-9 expression, which correlates with IEL fen-
estration during expansive remodeling, may be part of a
more destructive activity. MMP-9 expression may be-
come sustained in a pathological situation, causing exces-
sive extracellular matrix degradation and extensive IEL
loss rather than transient fenestration. This may be what
happens at the rabbit basilar terminus when it experi-
ences prolonged elevated flow.

In summary, elevated flow at the rabbit basilar termi-
nus elicits destructive remodeling responses in the arte-
rial wall. Specifically, this condition stimulates matrix
degradation, including IEL destruction, and apoptosis of
endothelial, smooth muscle and adventitial cells, events
that can contribute to thinning and weakening of the ves-
sel wall and aneurysm development. These events are ini-

tiated while endothelium is present and without localized
inflammatory infiltration, and thus can be attributed to
local dysfunction of the endothelium and/or smooth
muscle cells. Hemodynamic induction of destructive cas-
cades in the vessel wall would help explain why intracra-
nial aneurysms often localize to bifurcation apices and
how hemodynamics can contribute to aneurysm initia-
tion in conjunction with other risk factors.
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