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BACKGROUND AND PURPOSE: The molecular characteristics of intracranial aneurysms are still poorly
documented. A rabbit elastase aneurysm model has been helpful in the evaluation of devices and
strategies involved in endovascular treatment of aneurysms. The goal of this project was to document
the molecular changes, assessed by gene chip microarrays, associated with the creation of aneurysms
in this model compared with the contralateral carotid artery.

MATERIALS AND METHODS: A microarray of rabbit genes of interest was constructed using rabbit
nucleotide sequences from GenBank. Elastase-induced saccular aneurysms were created at the origin
of the right common carotid artery in 4 rabbits. Twelve weeks after aneurysm creation, RNA was
isolated from the aneurysm as well as the contralateral common carotid artery and used for microarray
experiments. Reverse transcription-polymerase chain reaction (RT-PCR) was performed on 1 animal as
a confirmatory test.

RESULTS: Ninety-six (46%) of 209 genes in the microarray were differentially expressed in the rabbit
aneurysm compared with the contralateral common carotid artery. In general, differential gene ex-
pression followed specific molecular pathways. Similarities were found between rabbit aneurysms and
human intracranial aneurysms, including increased metalloproteinase activity and decreased produc-
tion of the extracellular matrix. RT-PCR results confirmed the differential expression found by the gene
chip microarray.

CONCLUSIONS: The molecular characteristics of the rabbit elastase-induced saccular aneurysm are
described. The rabbit aneurysm model shares some molecular features with human intracranial
aneurysms. Future studies can use the rabbit model and the new rabbit gene chip microarray to study
the molecular aspects of saccular aneurysms.

We are entering the genetic era of medicine, where ideas
such as genetic screening and gene-directed therapy are

becoming mainstream technologies. Genetic medicine may
also extend to the field of intracranial aneurysms.1-5 However,
genetic studies on intracranial aneurysms are limited because
of the difficulty of obtaining tissue. Animal models with well-
defined molecular characteristics may be of value in the study
of the molecular pathophysiology of saccular aneurysms.

The rabbit elastase-induced saccular aneurysm model has
been applied to the study of saccular aneurysms.6-9 In this
model, saccular aneurysms are surgically created from the or-
igin of the right common carotid artery using distal ligation of
the artery and injection of elastase into the artery wall.9 The
resultant aneurysms have a morphology and size similar to
that of human intracranial aneurysms.8 These aneurysms are
also histologically similar to human aneurysms in that they
have lost their elastic membrane.8 Little is known about the
molecular characteristics of these aneurysms.

The purpose of this study was to apply gene chip technol-
ogy to delineate the molecular characteristics of saccular an-
eurysms in the rabbit model. Gene chip technology allows
study of gene expression in hundreds of genes in many differ-
ent molecular pathways. We initially created a rabbit gene chip
microarray containing 209 genes that were each individually

selected because of their relevance to vascular physiology or
pathology. We applied this gene chip on 4 experimental aneu-
rysms to compare the gene expression of tissue within the
aneurysm cavity with that of the control, contralateral com-
mon carotid artery. We used reverse transcription-polymerase
chain reaction (RT-PCR) as a confirmatory test to demon-
strate the validity of the gene chip microarray results.

Materials and Methods

Selecting Genes for the Rabbit Gene Chip Microarray
We constructed a rabbit gene chip with the ability to detect differences

in 209 genes (Table 1). To choose candidate genes, we initially

searched the current literature on human intracranial aneu-

rysms5,10-25 and abdominal aortic aneurysms.26-30 We identified ap-

proximately 400 genes of interest. These genes can be grouped into 7

molecular and physiologic themes, all relevant to vascular physiology

and pathology: activation of the coagulation cascade,2,11,16 recruit-

ment of inflammatory cells such as monocytes and macrophages,10,11

production of antioxidative genes,1-3,11,13,15,30-33 apoptosis of smooth

muscle cells,12,34-37 production of proteolytic extracellular matrix en-

zymes,3,5,10,16,18,19,38,39 decreased production of the extracellular ma-

trix,3,11,16,21-25,38 and activation of cell signaling cascades.10,12,26-29

We then searched GenBank to identify sequenced rabbit genes. Of the

400 genes of interest, we identified 209 rabbit genes that had been

sequenced and posted on the GenBank data base. The microarray of

oligonucleotides of interested genes was constructed commercially

(Operon, Huntsville, Ala).

Rabbit Aneurysm Creation
Elastase-induced, saccular aneurysms were created in New Zealand

white rabbits (body weight, 3– 4 kg) using the rabbit elastase model.
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The Mayo Foundation Institutional Animal Care and Use Committee

approved all procedures before initiation of the study. Detailed pro-

cedures for aneurysm creation have been described in depth else-

where.9 In brief, anesthesia was induced with an intramuscular injec-

tion of ketamine, xylazine, and acepromazine (75, 5, and 1 mg/kg,

respectively). Using sterile technique, the right common carotid ar-

tery (RCCA) was exposed and ligated distally. A 1–2-mm beveled

arteriotomy was made, and a 5F vascular sheath was advanced retro-

grade in the RCCA to a point approximately 3 cm cephalad to the

origin of RCCA. A 3F Fogarty balloon was advanced through the

sheath to the level of the origin of the RCCA with fluoroscopic guid-

ance and was inflated with iodinated contrast material. Porcine elas-

tase (Worthington Biochemical Corporation, Lakewood, NJ) was in-

cubated within the lumen of the common carotid above the inflated

balloon for 20 minutes, after which the catheter, balloon, and sheath

were removed. The RCCA was ligated below the sheath entry site, and

the incision was closed. Subjects underwent intra-arterial digital sub-

traction angiography at the time of sacrifice with a 5F diagnostic cath-

eter placed into the brachiocephalic artery from a femoral approach.

Tissue Harvest
Tissue was harvested 12 weeks after aneurysm creation. At the time of

tissue harvest, the animals were deeply anesthetized and then eutha-

nized by an overdose injection of pentobarbital. The entire aneurysm

(approximately 1 cm long) and the contralateral common carotid

artery were dissected free from the surrounding tissues and were then

immediately frozen in liquid nitrogen. None of the aneurysms had

clotted off or ruptured. The frozen tissues were stored at �70°C until

the tissues were ready for RNA extraction.

RNA Extraction
RNA was isolated from frozen tissues by using the RNeasy fibrous

tissue mini kit (QIAGEN, Valencia, Calif). The quantity of the RNA

was measured using spectrophotometry, and the integrity of the RNA

was confirmed by electrophoretic separation using the Agilent 2100

Bioanalyzer (Agilent, Palo Alto, Calif).

Fluorescent cRNA Synthesis (In Vitro Transcription)
Total RNA (1 �g) was amplified and synthesized into 2 �g of com-

plementary RNA (cRNA). The amplification technique was tested to

confirm proportional amplification of each RNA strand. cRNA was

then labeled with red and green fluorescent dyes for the purpose of the

microarray experiment (Low RNA Input Fluorescent RNA Amplifi-

cation kit; Agilent).

Fluorescent cRNA Hybridization Protocol
Two micrograms of the aneurysm cRNA (labeled with the fluorescent

red tag) and 2 �g of the common carotid artery cRNA (labeled with

the fluorescent green tag) were then mixed and hybridized to the

microarray. The colors were switched and the hybridization was re-

peated in duplicate to control for the effect of the dye tag on

hybridization.

Scanning
The microarray slides were then scanned, and the computer reported

the intensity of the red and green fluorescent dyes for each spot on the

microarray (GenePix 4000B; Molecular Devices, Sunnyvale, Calif).

For example, a red spot would mean that the aneurysm messenger

RNA (mRNA) dominates, a green spot would mean that the carotid

artery mRNA dominates, and a mixed color spot would mean that the

mRNA is equally represented.

RT-PCR
To validate the results obtained in the microarray, RT-PCR was per-

formed on 1 of the rabbit tissue samples. RNA (100 ng) was reverse-

transcribed to complementary DNA (cDNA) using Superscript III

Table 1: Genes that were included in the rabbit gene chip

Proteolytic enzymes a1-Antitrypsin,11,15,17 calpain,27 cathepsin B and D,10,27,29 collagenase,11,30 elastase,11 MMP-1,26 MMP-2,11,18 MMP-7,26

MMP-8,26,30 MMP-9,5,11,16,19,20,27-30 MMP-12,30 MMP-14,26 MT1-MMP,11,16 protease inhibitor,15,27 SPARC (also known
as osteonectin),10 TIMP-2,11,19 TIMP-310

Apoptosis of smooth muscle cells Actinin,30 heat shock protein,26,27 c-Jun,12 caveolin,26 fas,26 myosin heavy chain,30 titin,27 tumor suppressor 53,26

Inflammatory cell recruitment ACE,11,14,15 albumin,27 angiotensin type 1 receptor,14 �-galactosidase-binding lectin,10 endothelial differentiation
factor,26 HLA,10,15 IgG heavy chain,10 Ig-� light chain,10 NFAT,27 vinculin,10 interferon �,26,27 interleukins,26,27,29,30

MCP-1,26 neutrophil-activating protein,26 TNF26-28,30

Coagulation cascade Annexin III,26 factor XIII,11 haptoglobin, heme oxygenase,30 plasminogen activator inhibitor-1,11,26,30 PDGF-AA,14,26,27,29

platelet membrane glycoprotein IIIA,28 prothrombin, t-PA,16 thrombin receptor,26,27 thrombomodulin,26 thrombospondin
1,26 transferrin,27 u-PA,11,27 vitronectin15

Extracellular matrix proteins ADAM,27 bFGF,14 bone cartilage proteoglycan,26,29 BMP,26,27 collagen I,10,11,15,21,38 collagen III,10,11,15,21-24 collagen
IV,10,11,15,21,25 collagen V,11,21 collagen VIII,11 fibronectin,10,11,38 fibromodulin,30 FK506 binding protein 12,27 insulin-like
growth factor,26-28 laminin,11,15,28 lysyl oxidase,11 tenascin,11 TGF-�11,27

Oxidative stress Adenosine A3 receptor,27 alcohol dehydrogenase,26 apolipoprotein E,15,27,29 atrial natriuretic peptide,26 clusterin
(apolipoprotein J),26 cytochrome P450,26 endothelin,26 GST,26 HIF-1, lipoxygenase,30 SOD,26 iNOS,11,13,27,30 VEGF,11

VEGF receptor11

Cell signaling pathways Acyl CoA binding protein,29 c-myc,26 calcineurin,27 calmodulin,27 CD86,27 elongation factor 1-�,10 deoxyribonuclease,27

erythroblastic leukemia viral oncogene homolog 2,27 frizzled,27 glutamate receptor metabotropic,27 heparin-binding
epidermal growth factor-like growth factor, insulin responsive glucose transporter 4,26 JNK MAPK,12,26 neuregulin,27

PLC,27 PKC,27,29 Serum- and glucocorticoid-inducible kinases ,27,29 protein phosphatase-1, Ras associated protein 2,27

RAL A GTP-binding protein,29 ras,14 retinoic acid receptor-�,26 rho/rac GEF,27,28 transcription factor egr1,26,27

tryptophan hydroxylase,27 tyrosine receptor kinase26

Note:—MMP indicates matrix metalloproteinase; MT1-MMP, membrane type metalloproteinase-1; SPARC, secreted protein acidic and rich in cysteine; TIMP, tissue inhibitor of
metalloproteinase; ACE, angiotensin-converting enzyme; HLA, human leukocyte antigen; NFAT, nuclear factor of activated T cells; MCP, macrophage chemoattractant protein; TNF, tumor
necrosis factor; ADAM, a disintegrin and metalloproteinase; PDGF, platelet-derived growth factor; u-PA, urokinase type plasminogen activator; bFGF, basic fibroblast growth factor; BMP,
bone morphogenetic protein; TGF, transforming growth factor; SOD, superoxide dismutase; iNOS, inducible nitric-oxide synthase; VEGF, vascular endothelial growth factor; GST, glutathione
S-transferase; HIF, hypoxia-inducible factor; JNK, c-Jun NH2-terminal kinase; MAPK, mitogen activated protein kinase; PLC, phospholipase C; PKC, protein kinase C; GEF, guanine nucleotide
exchange factor.
Articles demonstrating the relevance of each gene to vascular pathophysiology are cited. The functions of these genes are grouped into 7 pathways that are relevant to intracranial
aneurysms.
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(Invitrogen, Carlsbad, Calif). PCR was performed with primers spe-

cific for caveolin, matrix metalloproteinase (MMP)-2, MMP-9, vas-

cular cell adhesion molecule 1 (VCAM-1), endothelin-1, tissue inhib-

itor of metalloproteinase-2 (TIMP-2), and �-actin on a Thermocycler

(Applied Biosystems, Foster City, Calif) by using PCR kit

(Invitrogen).

Statistical Analyses
Analyses were done using the base-2 logarithm transform of the me-

dian signal intensity, and all analyses were conducted using SAS Ver-

sion 9 statistical software (SAS Institute, Cary, NC). Normalization of

the data were performed using 2-channel fastlo, a semiparametric

approach that corrects for intensity-dependent effects developed by

Eckel et al.40 The parametric component consisted of additive main

effect for gene. The nonparametric component consisted of a set of

nonparametric loess smoothers, one for each array, dye, and block

combination. The normalized signal intensity for each observation

was estimated by subtracting the predicted values obtained from the

nonparametric component from the original base-2 logarithm trans-

form of the median signal intensity.

To test for differential expression between aneurysm and the con-

trol arteries, a mixed-effects linear model was fit for each gene. The

Table 2: The 96 genes that had a statistically significant (P < .05) differential expression between the aneurysm and the control artery

Rank Gene �/� Rank Gene �/�
1 Fast skeletal muscle troponin C mRNA �
2 Haptoglobin mRNA �
3 Endothelial differentiation gene 1 protein �
4 Muscle �-actinin subunit, N�-terminal region �
5 Matrix metalloproteinase 9 �
6 Caveolin �
7 Alcohol dehydrogenase, class I �
8 Endothelin-1 �
9 Myosin light chain 2

10 Osteoglycin �
11 Type VIII collagen � -1 chain �
12 Osteopontin �
13 Neutrophil attractant/activation protein-1 (NAP-1) �
14 Interleukin 1 receptor antagonist �
15 Apolipoprotein E �
16 IL-8 receptor �
17 Cytochrome P4B1 isoform �
18 Monocyte chemoattractant protein-1 (MCP-1) �
19 Tissue inhibitor of metalloproteinase-4 (TIMP-4) �
20 Myosin heavy chain (MHC) �
21 Transforming growth factor-� 2 �
22 Heme oxygenase 1 (HO1) �
23 Al adenosine receptor �
24 Osteonectin �
25 p53 protein �
26 Peroxisome proliferator activated receptor (PPAR) gamma 3 �
27 Cathepsin L �
28 Apolipoprotein B �
29 Elongation factor 1 � �
30 Calmodulin-dependent protein kinase II-delta dash �
31 Secreted frizzled-related protein 2 �
32 Glutathione S-transferase �
33 Vascular cell adhesion molecule (VCAM-1) �
34 Endothelin converting enzyme (ECE1) �
35 Platelet-derived growth factor-� �
36 Matrix metalloproteinase-12 �
37 Decorin�proteoglycan �
38 Galectin-3 �
39 Glycoprotein IIb (GPIIb) �
40 Metallo-elastase, macrophage �
41 Fertilin � subunit �
42 Growth response 1 zinc-finger transcription factor �
43 �2 type I collagen �
44 �3 type IV collagen �
45 Apolipoprotein D �
46 Endothelin B receptor �
47 Insulin-like growth factor 1 precursor (IGF-1) �
48 Neuregulin 1 � isoform �
49 Protein phosphatase-1 catalytic subunit (EC 3.1.3.-) �

Note:—The genes are ranked according to the degree of significance of the differential expression. � indicates that the gene was overexpressed in the aneurysm; �, the gene was
underexpressed in the aneurysm.

50 Heme oxygenase-2 �
51 Class II alcohol dehydrogenase, isozyme 1 �
52 Functional messenger ribonucleoprotein particle major

protein p50
�

53 factor XI �
54 Rho-associated-Ser/Thr kinase �
55 Acyl CoA binding protein �
56 Protein kinase C� (PKC-�) �
57 Bone morphogenetic protein 2 (BMP-2) �
58 Heat shock protein 47 �
59 Retinoic acid receptor RXR � mRNA �
60 � 1 type X collagen �
61 Coagulation factor VII �
62 Interleukin-2 �
63 Elongation factor 1 delta (Rabef1D) �
64 fas antigen spliced variant �
65 glucose transporter type 4 (GLUT4) �
66 Cellular disintegrin ADAM 6e (ADAM 6e) �
67 Atrial natriuretic polypeptides �
68 Matrix metalloproteinase-2 �
69 Major histocompatibility complex class II RLA-DR-� gene �
70 Tissue inhibitor of metalloproteinase-2 (TIMP2) �
71 Adenosine A3 receptor mRNA �
72 Bone morphogenetic protein 7 �
73 Forkhead transcription factor L2 (FoxL2) gene �
74 Neuronal nitric oxide synthase NOS1 �
75 Tissue-type plasminogen activator mRNA �
76 Endothelin receptor type A �
77 Phosphorylase kinase � subunit mRNA �
78 �-1-antitrypsin �
79 Thrombomodulin precursor (Thbd) �
80 Neutrophil-activating peptide 78 (ENA-78) �
81 Calcineurin A � �
82 �-1 type V collagen (COL5A1) �
83 Interferon � �
84 NADPH-cytochrome P450 reductase �
85 Fibroblast growth factor �
86 Thrombospondin 2-like protein (THBS2) �
87 Tryptophan hydroxylase �
88 Hyperoxia induced (H1) 1 gene encoding a TIMP �
89 Inducible nitric oxide synthase (NOS2) �
90 Glycoprotein IIIa (GPIIIa) �
91 Elongation factor 1 � �
92 CD86 �
93 Calmodulin-dependent protein kinase II-� dash2 �
94 Protein inhibitor of neuronal nitric oxide synthase �
95 Vascular endothelial growth factor receptor 3 �
96 Ksp-cadherin �
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normalized expression values were the dependent variable in the

mixed-effects linear models, array and dye were fit as fixed effect

co-variates, and rabbit was included as a random effect. The “t” test

statistics and corresponding P values, calculated from a linear con-

trast, were used as a measure of the mean change in expression be-

tween treatment groups relative to the variability. The genes were

ranked according to their P values, and genes with a P value � .05

were used to identify pathways for further investigation.

Results
In the gene chip microarray experiment, 96 (46%) of 209
genes demonstrated statistically significant differential expres-
sion between the aneurysm tissue and the control contralateral
carotid artery tissue (P � .05). Table 2 lists the 96 differentially
expressed genes in decreasing order of statistical significance.

Table 3 categorizes the genes into their respective molecu-
lar pathways. A few trends in rabbit aneurysm gene expression
are recognizable from these data. The proteolytic enzymes are

activated (11 of 12 genes), many of the extracellular matrix
(ECM) genes are down-regulated (9 of 13 genes), and the
smooth muscle genes are down-regulated (4 of 4 genes).

The RT-PCR results confirmed that VCAM-1, MMP-2,
MMP-9, and TIMP-2 were all overexpressed in the aneurysm,
whereas endothelin-1 and caveolin were underexpressed in
the aneurysm (Fig 1). The RT-PCR– derived expression pro-
file of these 6 genes matches the results of the gene chip mi-
croarray data.

Discussion
This study gives a gross picture of the molecular characteristics
of the elastase-induced rabbit aneurysm. Proteolytic activity is
markedly elevated above control tissue, with activation of
metalloproteinases, while the production of the extracellular
matrix and smooth muscle genes are inhibited. Variables that
could produce these molecular changes include exposure to

Table 3: The differentially expressed genes are grouped into their respective molecular pathways

Proteolytic enzymes Apoptosis of smooth muscle cells
�-1-Antitrypsin � Caveolin �
Cathepsin L � Fas antigen spliced variant �
Cellular disintegrin ADAM 6e � Fast skeletal muscle troponin C mRNA �
Hyperoxia induced (HI) 1 gene encoding a TIMP � Galectin-3 �
Matrix metalloproteinase-2 � Heat shock protein 47 �
Matrix metalloproteinase-9 � Muscle � -actinin subunit, N�-terminal region �
Matrix metalloproteinase-12 � Myosin heavy chain (MHC) �
Metallo-elastase, macrophage � Myosin light chain 2 �
Osteonectin � SPARC � PPAR � 3 �
Tissue inhibitor of metalloproteinase-2 (TIMP-2) � p53 protein �
Tissue inhibitor of metalloproteinase-4 (TIMP-4) � Secreted frizzled-related protein 2 �

Coagulation cascade Inflammatory cell recruitment
Coagulation factor VII � Adhesion molecule VCAM-1 (VCAM-1) �
Factor XI � Endothelial differentiation gene 1 protein �
Glycoprotein IIb (GPIIb) � Interferon � �
Glycoprotein IIIa (GPIIIa) � Interleukin-1 receptor antagonist �
Haptoglobin mRNA � Interleukin-2 �
Heme oxygenase-1 (HO1) � Interleukin-8 receptor �
Heme oxygenase-2 � MHC class II RLA-DR-� gene �
Platelet-derived growth factor-� � Monocyte chemoattractant protein-1 (MCP-1) �
Thrombomodulin precursor (inhibitor of coagulation) � Neutrophil-activating peptide 78 (ENA-78) �
Thrombospondin 2-like protein (THBS2) � Neutrophil attractant/activation protein-1 (NAP-1) �
Tissue-type plasminogen activator mRNA �

ECM proteins
Oxidative stress

�-1 type V collagen (COL5A1) �
A1 Adenosine receptor �

�-1 type X collagen �
A3 Adenosine receptor �

�-2 type I collagen �
Alcohol dehydrogenase, class I �

�-3 type IV collagen �*
Apolipoprotein B �

Bone morphogenetic protein 2 (BMP-2) �
Apolipoprotein E �

Bone morphogenetic protein 7 (BMP-7) �
Atrial natriuretic polypeptide �

Decorin�proteoglycan �
Class II alcohol dehydrogenase, isozyme 1 �

Fibroblast growth factor �
Clone pApoD-L) apolipoprotein D (apoD) �

Insulin-like growth factor 1 precursor (IGF-1) �
CYP4B1 isoform �

Osteoglycin �
Endothelin-1 �

Osteopontin �
Endothelin B receptor �

Transforming growth factor-� 2 �
Endothelin converting enzyme (ECE1) �

Type VIII collagen � -1 chain �
Endothelin receptor type A �
Glutathione S-transferase �
Inducible nitric oxide synthase (NOS2) �
NADPH-cytochrome P450 reductase �
Neuronal nitric oxide synthase NOS1 �
Protein inhibitor of neuronal nitric oxide synthase �
Vascular endothelial growth factor receptor 3 �

Note:—� indicates that the gene was overexpressed in the aneurysm; �, the gene was underexpressed in the aneurysm.

AJNR Am J Neuroradiol 28:864 – 69 � May 2007 � www.ajnr.org 867



elastase, altered shear stress due to the new morphology of the
arterial wall, and the surgical operation itself.

Human aneurysms display molecular changes similar to
those seen in this animal model. In humans, aneurysm tissue
metalloproteinases are activated,19,20,39 production of the ex-
tracellular matrix is inhibited,21-25 and smooth muscle cell
production is significantly decreased as a result of apopto-
sis.34-36 Because of these molecular similarities between the
experimental rabbit aneurysms and human intracranial aneu-
rysms, it is possible that the rabbit aneurysm model could be
used to study the molecular pathophysiology of saccular
aneurysms.

To our knowledge, this is the first report ever to use a gene
chip microarray that was specifically made from rabbit oligo-
nucleotide sequences and the first to study the genetic profile
of rabbit aneurysms. The RT-PCR results are consistent with
the gene chip microarray data, suggesting that the differential
expression found by the gene chip microarrays is reliable.
Gene chip microarray technology is so sensitive that the slight
difference in homology across species can lead to significant
changes in microarray binding.41 Consequently, we believe
that the use of human gene chip microarrays on animals such
as rabbits should be avoided.

Other animal models for intracranial aneurysms have been
used to study the molecular nature of aneurysms. Most of
these studies have focused on individual genes.13,35,42-45 How-
ever, in a recent study similar to our own, human gene chip
microarray technology was used on the swine model to classify
the molecular character of the swine aneurysm.46 Although
their study was innovative, their data were collected using hu-

man gene chips and thus have the potential of bias because of
the imperfect homology of genes across species. Furthermore,
in our opinion, the swine model does not resemble human
aneurysms as well as the rabbit model does.8 For example, the
aneurysm in the swine model contains an intact internal elas-
tic lamina and tunica media and the venous pouch that forms
the swine aneurysm thromboses spontaneously.

This study has several limitations. First, the rabbit genome
is not yet fully elucidated, and some of the genes of interest in
intracranial aneurysm pathology are not yet sequenced. Con-
sequently, we were not able to construct a gene chip that con-
tained every gene of known significance to intracranial aneu-
rysm pathology. However, if a specific gene was not in the data
base, there was usually a closely related gene that we could
include in its place. Second, this study was performed on only
4 aneurysms. Fortunately, even this small number of subjects
yielded results that showed statistically significant differential
expression in 96 genes. This high yield of differential expres-
sion reveals the care that was taken in the selection of candi-
date genes for the gene chip. Third, the contralateral left ca-
rotid artery is imperfect as a control because the flow in this
artery is increased after right common carotid artery occlu-
sion. The advantages of the contralateral carotid as a control
are that it is from the same animal and it is the same type of
vessel as the vessel used to create the aneurysm (they are both
from common carotid arteries). Fourth, these data reveal ge-
netic expression at the RNA level. Because the cell regulates
protein expression at the levels of both transcription and
translation, RNA levels do not necessarily correlate with pro-
tein levels. Future proteomic studies are necessary to confirm
the results of this study.

The rabbit, as a molecular model, will be a valuable tool in
future studies. We can do controlled experiments on rabbit
aneurysms that would not be feasible in humans. For example,
we can modulate blood pressure in rabbits, modify the shape
of the aneurysm in rabbits, or use various medications in rab-
bits and then determine the molecular effects of these changes
by using the rabbit gene chip microarray. Future experiments
can also focus on many of the new genes of interest revealed by
this microarray study. For example, differentially expressed
genes such as atrial natriuretic polypeptide, monocyte che-
moattractant protein, endothelin, and peroxisome prolifera-
tor-activated receptors34,36,47 will be particularly interesting
given their known function and their logical connection to
intracranial aneurysms. In summary, by combining the ad-
vantages of the rabbit model and the gene chip microarray, we
will be a step closer to attaining an understanding of the mo-
lecular biology of intracranial aneurysms.

Conclusions
The molecular characteristics of the rabbit elastase-induced
saccular aneurysm are described. The rabbit aneurysm model
shares some molecular features with human intracranial an-
eurysms, including increased metalloproteinase activity, de-
creased production of the extracellular matrix, and decreased
production of smooth muscle associated genes. This knowl-
edge will be helpful in future studies that use the rabbit model
and the new rabbit gene chip microarray to study the molec-
ular effects of controlled experiments.

Fig 1. RT-PCR data. The bands reveal that endothelin and caveolin are underexpressed in
aneurysms, whereas VCAM-1, MMP-2, MMP-9, and TIMP-2 are overexpressed in aneu-
rysms. �-Actin is the control that is equally expressed in both the aneurysm and the
control.
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