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Abstract

OBJECTIVE—A subarachnoid hemorrhage is neurologically devastating, with 50% of patients 

becoming disabled or deceased. Advent of Guglielmi detachable coils in 1995 permitted 

endovascular treatment of cerebral aneurysms. Coiling is efficacious and safe, but durability needs 

improvement, as nearly 20% of patients require further invasive intervention secondary to 

aneurysm recurrence. The aim of this study is to develop an in vitro model of endothelial cell (EC) 

proliferation and differentiation on four types of platinum-based coils, using gene expression 

profiling to understand EC biology as they colonize and differentiate on coils.

METHODS—Human umbilical vein ECs were grown in vitro on platinum coil segments. Growth 

patterns were assessed as a function of coil type. Gene expression profiles for coil attached versus 

coil unattached ECs were determined using immunohistochemistry and gene array analysis.

RESULTS—ECs showed rapid, robust attachment to all coil types. Some detachment occurred 

within 24–48 hours. Significant growth of remaining attached cells occurred during the next week, 
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creating a confluence on coils and within coil grooves. Similar growth curve results were obtained 

with human brain ECs on platinum-based coil surfaces. Differentiation markers in attached cells 

(α1, α2, β1 integrins) were expressed on immunostaining, whereas microarray gene expression 

revealed 48 up-regulated and 68 down-regulated genes after 24-hour growth on coils. Major 

pathways affected as a function of time of colonization on coils and coil type included those 

involved in regulation of cell cycle and cell signaling.

CONCLUSIONS—We developed an in vitro model for evaluating endothelialization of platinum 

coils to optimize coil design to support robust EC colonization and differentiation.
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INTRODUCTION

Thirty-five thousand patients suffer from aneurysmal subarachnoid hemorrhage yearly 

within the United States. The International Subarachnoid Aneurysm Trial (ISAT) reported a 

lower probability of death and disability for patients undergoing coiling of cerebral 

aneurysms as opposed to micro-surgery (15). Although ISAT built the platform for 

launching endovascular treatment of cerebral aneurysms as a mainstay therapy, the 

durability of this treatment method remains inferior to that of microsurgery. Based on 

follow-up cerebral angiography, 10%–30% of all coiled aneurysms will show recurrence (1, 

18). Recurrence of coiled aneurysms leads to increased morbidity secondary to retreatments, 

angiographic follow-up, and the real risk of rerupture.

The goal of endovascular occlusion of aneurysms is to introduce platinum-based coils into 

the cerebral aneurysm until the entire aneurysm volume is filled with thrombus and coils. 

Volumetric analysis shows that most aneurysms are only filled 20%–40% with coils, and the 

rest represents acute thrombus (1). Histopathologic analyses based on autopsy of patients 

who harbored coiled aneurysms show that within the first 4 weeks, the aneurysm houses 

organized thrombus, which then develops into minimal fibrous tissue. Endothelial 

proliferation seems to occur at 3 months after embolization (3, 4, 21). At 12 months after the 

procedure, coils seem to be embedded in fibrous tissue with endothelialization occurring 

over the neck of the aneurysm (3, 4, 21). Recurrence takes place when the endothelialization 

process does not occur across the neck of the aneurysm and thus, the pulsatility is 

transmitted to the coil/thrombus mass leading to coil compaction as the thrombus dissolves. 

Our goal is to understand the interaction of platinum coils with endothelial cells (ECs), with 

the future aim of creating an intra-aneurysmal environment for EC proliferation across the 

neck of the aneurysm.

MATERIALS AND METHODS

Endovascular Coils

To facilitate growth curves, we purchased the following coils: Guglielmi detachable coils 

(GDCs) and Matrix coils from Boston Scientific, Natick, Massachusetts, USA; Cerecyte 

coils from Micrus Endovascular, San Jose, California, USA; and HydroCoils from 
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MicroVention, Tustin, California, USA. Coil fragments measured 1 cm (each was weighed 

using an analytical balance), and were used for cellular attachment, growth analysis, 

immunohistochemistry, and gene array analysis.

Human Umbilical Vein EC Isolation

Umbilical cords were obtained from the Labor and Delivery Department, Thomas Jefferson 

University Hospital, Philadelphia, Pennsylvania, USA. Human umbilical vein ECs 

(HUVEC) were isolated from the cords using a collagenase digestion protocol, as described 

previously (9).

Cell Culture

HUVEC were cultured on tissue culture flasks coated with 0.2% gelatin. Cells were fed a 

complete media consisting of Media 199 (GIBCO, Carlsbad, California, USA), 10% fetal 

bovine serum (FBS; HyClone, Logan, Utah, USA), 50 μg/mL EC growth supplement, 50 

μg/mL heparin sodium salt from porcine intestinal mucosa (Grade I-A; Sigma-Aldrich, St. 

Louis, Missouri, USA), 1% penicillin-streptomycin (GIBCO), and 0.1% Fungizone 

(GIBCO). EC growth supplement was isolated from bovine hypothalami, as described 

previously (12). HUVECs were used through passage 6. Similar growth curve experiments 

were also performed with human cerebral microvascular ECs (hCMEC/D3) at less than 10 

passages (27). These cells were cultured for 2 weeks to reach confluency, at which time they 

were trypsinized and diluted to 1,000,000 cells/mL for experimentation. Similar cellular 

media, warming tray, and techniques were used for the growth curve assessment.

EC Seeding of Endovascular Coils

EC were trypsinized from confluent cultures and 1.0 mL of a 1 × 106 cells/mL suspension 

was placed in a sterile Eppendorf tube. One coil segment (~1 cm) was added to each tube 

and the weight measured. Samples were then placed in a tissue culture incubator on a 

rocking platform for 4–6 hours, and were gently rotated to ensure cell contact with the coil. 

Coils were then removed from the cell suspension and rinsed by dipping them once into a 

well of a 12-well tissue culture plate containing Hanks balanced salt solution at 2 mL/well. 

Coils were then placed into complete media in a 12-well tissue culture plate and returned to 

the tissue culture incubator. Culture medium was replaced every 2 days thereafter.

Measurement of EC Growth on Coils

At various times during culture (typically at days 1, 3, 7, 14, and 28), cells were removed 

from the coils by trypsinization and counted. Coils were placed in 0.5 mL trypsin/coil for 5–

10 minutes; the resultant cell suspension was mixed 1:1 with complete media to neutralize 

the trypsin. Cells released from the coils were counted using a hemacytometer, and 

expressed as cells bound/milligram of coil. Micrographs of cell-populated coils were also 

taken before and after trypsinization using inverted microscopy.

Immunohistochemical Staining of EC-populated Coils

After ECs proliferated on GDCs for 7 days, coil segments and unattached cells that had 

become confluent within the wells were fixed using 10% buffered formalin. These two 
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populations (attached and unattached cells) were incubated with primary anti-bodies to α1 

integrin, α2 integrin, β1 integrin, or platelet EC adhesion molecule overnight at 4°C. 

Samples were labeled with fluorescein isothiocyanate-conjugated secondary antibodies and 

imaged using fluorescent microscopy.

Examination of EC Gene Expression by Gene Array Analysis

Total RNA Isolation—DNA-free total RNA of cultured cells was isolated using the 

RNeasy Micro Kit (Qiagen, Valencia, California, USA) according to manufacturer’s 

instructions. In brief, 1 × 105 cells from duplicate cultures (control and experimental) were 

pelleted, lysed in RNA lysis tissue buffer containing 1% (vol/vol) β-mercaptoethanol. 

DNase-treated RNA was ethanol precipitated and quantified on a NanoDrop ND-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA), followed by 

RNA quality assessment by analysis on an Agilent 2100 bioanalyzer (Agilent Technologies, 

Palo Alto, California, USA).

Microarray Methods—Ribo-single-primer-isothermal-amplification-based RNA 

amplifications and target preparations were performed according to the manufacturer’s 

instructions (Ovation Biotin System; NuGEN Technologies, San Carlos, California, USA). 

Briefly, first-strand complementary DNA (cDNA) was synthesized from 50 ng of total RNA 

using reverse transcription with a unique oligo (dT)/RNA chimeric primer. In the second 

step, DNA/RNA heteroduplex double-strand cDNA was generated with DNA polymerase. 

In the third step, SPIA linear isothermal DNA amplification process was performed using 

DNA/RNA chimeric primer, DNA polymerase, and RNase H in a homogenous isothermal 

assay that provides efficient amplification of DNA sequence.

Fragmentation and Biotin Labeling—In the first step, DNA amplification products 

were fragmented by chemical and enzymatic fragmentation that yields single-stranded 

cDNA products in the 50- to 100-base range. In the second step, fragmented product is 

labeled by enzymatic attachment of a biotin-labeled nucleotide to the 3-hydroxyl end of the 

fragmented cDNA.

Hybridization and Bioinformatic Analysis of Messenger RNA Expression 
Profiling—Fragmented and biotin-labeled target (3.75 μg) in 200 μL of hybridization 

cocktail was used for each Affymetrix HG U133 Plus 2.0 array (Affymetrix, Santa Clara, 

California, USA), which contains 56,000 probe sets representing 34,000 well-characterized 

human genes. Target denaturation was done at 99°C for 2 minutes, and hybridization was 

performed for 18 hours. Arrays were washed and stained using GeneChip Fluidic Station 

450, and hybridization signals were amplified using antibody amplification with goat IgG 

(Sigma-Aldrich) and anti-streptavidin biotinylated antibody (Vector Laboratories, Burlin-

game, California, USA). Chips were scanned on an Affymetrix GeneChip Scanner 3000 

using GeneChip Operating Software version 3.0. A flow-chart analysis is shown in Figure 1. 

Normalization was accomplished using robust multi-array average to arrive at baseline 

transformation for the median of all samples using GeneSpring GX version 10.0 software 

(Agilent). The gene list was filtered by removing low expressers (<100 signal value in all 

four samples). A volcano plot was used to identify differentially expressed genes (DEGs) 
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using unpaired t-test with no multiple testing correction (condition, P = 0.05, and twofold 

change).

Gene Annotation—Expressed and DEG lists were linked to the genome database NetAffx 

at the NetAffx Analysis Center (http://www.affymetrix.com) using Microsoft Excel and 

Microsoft Access. Gene ontology functions and pathway analysis were assigned using 

database for Annotation, Visualization, and Integrated Discovery (DAVID version 2.0; 

http://david.abcc.ncifcrf.gov/). The DEG list was used to perform biological network and 

functional analysis using Ingenuity Pathway Analysis (IPA) software version 5.0 (Ingenuity 

Systems Inc., Redwood City, California, USA).

RESULTS

EC Attachment and Proliferation on Platinum-Based Coils

Upon incubation of ECs with platinum coil segments, anywhere from 2000 to 12,000 cells 

attached for every milligram of coil segment. The cells appeared to attach as clusters, and 

during the next 24 hours most cells within the clusters appeared to detach as aggregates. 

Within the first 24 hours, there was an approximate 20% loss of cells, but during the next 96 

hours there was an approximate 60% increase in the number of cells associated with the 

coils, confirming EC proliferation on platinum coils (Figure 1A, B). This increase in cell 

numbers continued until days 10–15 when there were 7000–10,000 cells per milligram of 

coil (Figure 1C). After this time and during the next week, there was a reduction in the 

number of coil-bound cells (Figure 2A). The same phenomenon was observed for human 

brain EC growth on platinum-based coil surfaces (Figure 2C).

Cellular Attachment and Proliferation on Coated Coils

GDCs, HydroCoils, Matrix coils, and Cerecyte coils all had similar numbers of ECs 

attaching during the incubation period (300–850 cells/mg of coil). Within the first 72 hours, 

200–400 ECs/mg of coil segment remained. During the next 4 days there was marked cell 

proliferation on the Cerecyte coils (~1400 cells/mg coil) and HydroCoils (~1750 cells/mg 

coil); however, cell numbers on the GDCs (600 cells/mg coil) and Matrix coils (100 

cells/mg coil) were constant with no evidence of proliferation (Figure 2B). During the next 

week, cellular proliferation occurred on the Cerecyte coils (~2850 cells/mg coil) and the 

GDCs (~1600 cells/mg coil), remained stable on the HydroCoils (~1800 cells/mg coil), and 

showed no evidence of proliferation on the Matrix coil (~500 cells/mg coil).

Immunohistochemistry

Figure 1 shows EC attachment to coil segments, and evidence of cellular proliferation and 

their colonization within coil crevices. Immunohistochemical staining for EC adhesion/

signaling receptors α1 integrin, α2 integrin, β1 integrin, and platelet EC adhesion molecule 

showed diffuse staining of cells when attached to coil segments, or when grown on tissue 

culture plastic in the absence of coils (Figure 3).
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Microarray Analyses of ECs Grown in Culture with or without a Coil

Transcriptome analyses were performed by genomewide microarray expression profiling to 

define expressed and DEGs after 24-hour growth of ECs in the presence versus absence of a 

coil. A flow chart for microarray analysis is shown in Figure 4. Array data reproducibility 

was documented by comparison of a linear scatter plot of spot intensities at each register on 

duplicate arrays using RNA derived from two replicate control cultures grown in the 

absence of a coil (Figure 5; slope =1.0136, R2 =0.9892). When average signal values <100 

were excluded, 11,894 probe sets (7929 unique genes) were expressed from duplicate 

untreated cultures. This represents 21.8% of arrayed probe sets (11,894/54,675) and 

corresponds to 7929 unique genes. The number of expressed probe sets showed minimal 

change when comparing control to coil-grown cultures. Many of the highest values were 

messenger RNAs coding for ribosomal proteins, thymosin beta 10, β-actin, eukaryotic 

translation elongation factor 1 α1, ferritin light chain, cytochrome c oxidase subunit II, 

tubulin, α1B, and annexin A2.

Identification of DEGs after 24-Hour Growth of ECs

Using signal intensities >100 in at least one of the four samples and ≥2-fold up or down as 

the criterion for definition of a DEG, we next performed a volcano plot analysis to compare 

the two replicate controls against the two cultures grown on the coil (Figure 6, left). Such a 

plot defines fold change (x-axis) as a function of statistical significance (y-axis). This 

analysis identified 135 probe sets at a P value of 0.05 (red dots), which were differentially 

expressed as a result of EC growth on the coil. This included 58 probe sets (48 genes) that 

were up-regulated and 77 (68 genes) that were down-regulated in response to growth on the 

coil (Tables 1 and 2). A heat map shows up-regulated and down-regulated genes for 

duplicate cultures (Figure 6, right). Seventy-one of 77 down-regulated probe sets belong to 

functional categories. Functional categories include phosphoprotein metabolism [42], cell 

division [12], cell cycle [15], mitosis [10], DNA replication [4], cell cycle control [3], and 

metal binding [2]. Kyoto Encyclopedia of Genes and Genomes pathway analysis shows “cell 

cycle” as the major affected pathway containing four different genes (cyclin A1, cell 

division control protein 6 homolog, cell division cycle 25C splice variant 3, and extra 

spindle poles-like 1 protein) designated as down-regulated in ECs in response to growth on 

the coil.

A functional annotation chart also is given for the 58 up-regulated probe sets demonstrating 

50 belong to different functional categories: signal [26], glycoprotein [27], transmembrane 

[20], membrane [22], secreted [10], extracellular [4], and receptor [9]. KEGG pathway 

analysis shows “cytokine-cytokine receptor interaction” as the major affected pathway 

containing four different genes (C-C motif chemokine 2 precursor, oncostatin M receptor, 

tumor necrosis factor, and leptin receptor) up-regulated in response to growth on the coil.

Biological Network and Functional Analysis

To further refine the functional properties of the DEGs, all 134 genes were analyzed in the 

IPA tool for network, functional, and pathway analysis. IPA converts a list of genes with 

accompanying expression information into a set of relevant networks based on the Ingenuity 

Knowledge Base pathways. A core analysis is performed for the list of genes. The genes 
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were categorized based on molecular function in the IPA software. The identified genes also 

were mapped to molecular networks in the IPA database and ranked by score. The score 

reflects the probability that a collection of genes equal to or greater than the number in a 

network could be achieved by chance alone. The top five (high score) networks are listed in 

Table 3. Network analysis revealed two important networks related to cellular function and 

cell-to-cell signaling (Figure 7). Two networks have high scores of 40 and 30, with 20 and 

16 focus genes, respectively. Several important genes, such as CCNA1, BUB1B, CDC6, 

CDC25c, A2M, SULF1, TNFSF10, and TXN1P are related in the network. Further 

molecular and cellular functional classifications are listed in Table 4, showing that 26 genes 

are related to cell cycle (4 molecules are up-regulated and 22 genes are down-regulated) and 

19 genes are related to cell-to-cell signaling interaction function (14 genes are up-regulated 

and 5 are down-regulated).

DISCUSSION

Cerebral aneurysmal rupture leads to significant morbidity and mortality (21). Endovascular 

occlusion of aneurysms is a safe and efficacious treatment modality as supported by the 

ISAT; however, recurrence of previously coiled aneurysms occurs in 10%–30% of patients 

(15, 18). Endothelialization across the neck of an aneurysm is essential in preventing such 

recurrence and associated complications (5, 6, 22). The role of ECs in aneurysmal healing 

after coiling is essential, as these cells are involved in control of vascular tone, thrombosis, 

thrombolysis, and platelet activation regulation (2, 7, 28). To evaluate the interaction of ECs 

with platinum-based coils, we developed an in vitro model by seeding coils with HUVECs 

and examining their proliferation and gene expression profiles.

We observed cellular attachment to coil segments within hours of incubation. Most adherent 

cells then detached from the coils as aggregates. During the next 7–14 days, cellular 

proliferation continued until a confluent population of ECs was observed on coil segments. 

Cell populations could also be observed within the coil segment grooves—a potentially ideal 

location, as the cells were protected from shear stress associated with flow within the wells. 

Intercellular contact on the coil segment as well as EC differentiation could have led to 

inhibition of cellular proliferation as well as cellular death; thus, the observed decrease in 

number of attached cells in the third week after attachment (25).

With the introduction of different coil types to the clinical market, we evaluated HUVEC 

attachment and growth pattern on these modified coil fragments. GDCs are unmodified 

platinum coils and have been used as the control in these experiments. Matrix coils have a 

polyglycolic acid (PGLA) coating on the platinum surface as opposed to Cerecyte coils that 

have a PGLA coating within the platinum core (8, 11). HydroCoils have a hydrogel coating 

on the platinum surface, which allows for volumetric enlargement when the coils are 

hydrated within an in vivo system (14, 16). A similar number of cells attached to each coil 

type; however, the greatest proliferation occurred on Cerecyte coils, followed by HydroCoils 

and GDCs. Matrix coil segments supported the least proliferation, which could be secondary 

to the PGLA coating being in direct contact with the HUVECs. HydroCoil enlargement 

leads to an increase in surface area; thus, more potential space for cellular proliferation 
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without intercellular inhibition, which could explain the larger number of HUVEC cells 

colonizing this coil type.

Immunohistochemical analysis with antibody labeling for α1, α2, and β1 integrins revealed 

similar labeling of cells to the coil segments compared with unattached cells (14). Thus, 

these represent functional HUVECs, as they do not seem to change their cellular membrane 

integrity when attaching and proliferating on GDC segments (10, 26). In addition, labeling 

revealed the confluence of cellular proliferation on the coil segments as well as within the 

crevices of the coils. We analyzed the gene expression of cells attached to the platinum coils 

versus those grown on tissue culture plastic in the absence of coils, and found that 48 genes 

were up-regulated whereas 68 genes were down-regulated. The dominating cellular function 

of down-regulated genes involved cell cycle regulation, whereas genes up-regulated mostly 

involved cytokine-to-cytokine interaction. The platinum surface most certainly decreased 

cellular proliferation compared with cells grown in wells. Thus, down-regulation of cell 

cycle-associated genes was expected and confirmed by our microarray expression studies. It 

is feasible that EC differentiation could be occurring sooner on the platinum surfaces, 

leading to a down-regulation of proliferation-associated genes and decreased growth rates on 

the platinum-based surfaces. Coil segments could also initiate an inflammatory response 

from the HUVECs, as cytokine-related genes were differentially up-regulated within the 

attached cellular population (20).

Ozawa et al. (17) and Tamatani et al. (23, 24) reported that canine ECs require extracellular 

matrix (ECM; fibronectin, laminin, collagen) coating on embolic material for cellular 

proliferation. They did not observe EC proliferation on uncoated embolic materials. They 

concluded that ECs require ECM for attachment, growth, and proliferation. Our in vitro 

model uses HUVECs and achieves cellular attachment, growth, and proliferation on bare 

platinum as well as PGLA-coated coils. However, it is possible that culture media-derived 

growth and differentiation factors (e.g., plasma fibronectin) may adhere to the coil surfaces 

in our model system, creating an ECM-like surface.

Most investigators have reported that collagen type I represents the most ideal substrate for 

EC proliferation (13). Although collagen provides the appropriate extracellular support for 

attachment and proliferation, it is also thrombogenic and thus could pose significant 

thromboembolic risk in the event that coils are coated with this material. In theory, allowing 

for cellular proliferation on uncoated material would be ideal in reducing the probability of 

thrombogenicity, as well as allowing for permanent healing within the aneurysm.

We also evaluated the growth of human brain ECs (hCMEC/D3) on different coil types to 

understand whether brain ECs would have different growth curves on the platinum surfaces 

compared with HUVECs (27). The overall growth curve is similar to what we observed for 

HUVECs, as there is exponential growth during the first 7–10 days after cellular attachment. 

After confluency was reached in the first 10 days, there was a decrease in cell numbers at 2–

3 weeks after attachment secondary to cellular growth inhibition, secondary to a lack of 

surface area. We were not able to detect a statistically significant difference in the number of 

cells present on the different coil types.
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The in vitro model for EC interaction with coils reported here could be used to identify 

factors to enhance cellular attachment and proliferation in an in vivo situation. In addition, it 

could serve as the initial step in tissue engineering, as a mechanism for permanent healing 

within cerebral aneurysms. Tissue engineering requires cellular harvest, attachment to a 

matrix, and proliferation. The platinum coil could serve as the scaffold, with the goal of 

attaching smooth muscle cells to endothelium-coated coils with the aim of introducing 

functional endothelial and smooth muscle cells into the aneurysm lumen (29). Although 

these cells were able to attach and proliferate when placed on a rocker causing continuous 

motion, we do aim to modify our in vitro design to introduce calculated flow rates as would 

be present in an in vivo situation.

Based on our results, we propose a model for the endothelialization of coils: 1) cells attach 

loosely to the outermost surface of the coil; 2) loosely adherent cells detach; and 3) strongly 

adherent cells then migrate or compact within flow-protected area of the coil surface (i.e., in 

the grooves between coil wires). Our results suggest that coils may have the innate capacity 

to foster EC growth and interactions. These results could be used for development of coils 

optimized for EC seeding and growth with their surface profile configured with grooves to 

facilitate attachment and growth of parallel lines of ECs (as has been done for vascular 

stents) (19). Increasing the surface area-to-volume ratio, as well as decreasing the distance 

between metallic surfaces within the coil grooves to 10–20 μm (the diameter of ECs), could 

optimize cellular migration and proliferation. Optimizing EC colonization of coils with 

biological as well as mechanical modifications should result in endogenous 

endothelialization within weeks of coil introduction and thus, prevent recurrence as well as 

need for long-term anticoagulation.

CONCLUSIONS

EC proliferation across the neck of an aneurysm plays a critical role in the formation of 

permanent healing and prevention of recurrence in previously coiled aneurysms. Our in vitro 

model of HUVEC and human brain EC attachment and proliferation on coil segments 

advances toward the goal of rational design of platinum-based coils to support optimal 

growth and differentiation of ECs, thus potentially enhancing coil efficacy in endovascular 

surgeries.
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cDNA Complementary DNA

DEG Differentially expressed gene

EC Endothelial cell

ECM Extracellular matrix
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GDC Guglielmi detachable coil

HUVEC Human umbilical vein endothelial cell

IPA Ingenuity Pathway Analysis

ISAT International Subarachnoid Aneurysm Trial

PGLA Polyglycolic acid
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Figure 1. 
Phase contrast photomicrographs showing endothelial cells attached to coil at day 1 (A), day 

4 (B), and day 7 (C).
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Figure 2. 
Bar graphs illustrating human umbilical vein endothelial cell growth on platinum (A) and 

bioactive (B) coils. Human brain endothelial cell growth on platinum-based coil surfaces per 

mg of coil (C). GDC, Guglielmi detachable coil; PGLA, polyglycolic acid.
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Figure 3. 
Control (left) and experimental (right) immunohistochemical staining for α1 integrin (A), α2 

integrin (B), β1 integrin (C), and platelet endothelial cell adhesion molecule (D) showing 

endothelial cell localization on coils. Control images represent staining of cells attached to 

the surface of the wells rather than the coil segments.
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Figure 4. 
Flow chart analysis of gene expression.
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Figure 5. 
Scatter plots used to define array reproducibility. (A) Gene expression intensities from 

microarrays using duplicate control cultures (self versus self-experiment). (B) Log scatter 

plot (control self-experiment). Signal values are graphed from all probe sets on the two 

arrays, each hybridized with one of two duplicate untreated sample targets.
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Figure 6. 
(A) Volcano plot showing differentially expressed genes (135 differentially expressed probe 

set; 116 genes). Relationship between fold-change (>2; magnitude of change; x-axis) and 

statistical significance (P = 0. 05; y-axis) is shown. (B) Heat map from microarray data 

reflecting gene expression comparing four different samples: two controls and two coil-

treated cultures.
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Figure 7. 
Network analysis using Ingenuity Pathway Analysis (IPA). IPA analysis from differentially 

expressed genes shows predominant networks affected. (A) Cellular assembly and 

organization, cell cycle, cell morphology (green indicates down-regulated, pink represents 

up-regulated genes). (B) Cell signaling, nucleic acid metabolism, small molecule 

biochemistry.
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Table 3

Selected Networks with High Scores for Differentially Expressed Genes

Network Molecules in Network Score Focus Molecules Top Functions

1 A2M, Alp, Ap1, AQP1, BCL2A1, BGN, CCL2, CD34, CDKN3, 
Collagen type I, Collagen(s), EFNA1, FUCA1, IL1, IL1RL1, KIF4A, 
LDL, MKI67, Mmp, MT1F, NCAPG, NFkB, PBK, Pdgf, PDGF BB, 
PDGFD, PRC1, PRRX1, RBP1, SERPIND1, Tgf beta, TGFBI, 
TIMP3, TXNIP, Vegf

48 23 Connective tissue 
disorders, infectious 
disease, inflammatory 
disease

2 APC, ASF1B, BUB1B, Caspase, CCNA1, CDC6, CDC25C, CENPE, 
COL3A1, Cyclin A, DHFR, DKK1, E2f, ERK1/2, EZH2, hCG, 
Histone h3, Histone h4, HNRNPA1, IgG, Insulin, LEPR, Mapk, 
MCM10, NGF, NRG1, NUF2, P38 MAPK, PHF19, PNO1, Rb, RGS4, 
Tnf, TNFSF10, TPX2

40 20 Cellular assembly and 
organization, cell cycle, 
cell morphology

3 AMBP, AQP1, ASPM, butyric acid, C10ORF10, CCDC99, CDC14B, 
DEPDC1, EHD1, EHD3, ENPP2, FANCI, FXYD6, GINS2, HMGN2, 
HNF4A, IFITM2, KNTC1, L-triiodothyronine, LIMCH1, LZTR1, 
MEG3, MIR124, PELO, PODXL, POLR3G, RCAN2, SULT1B1, 
TGFBI, THSD7A, TMEM140, TNF, TP53, WTAP, ZNF224

34 18 Gene expression, 
infection mechanism, 
cellular development

4 26s Proteasome, Akt, CALCRL, CD200, ERK, FANCA, Focal 
adhesion kinase, FSH, GABBR2, Gpcr, GPR39, GPR108, GPR116, 
GPR146, GPRC5A, GPRC5B, GPRC6A, HCRTR2, HTR2B, 
Interferon alpha, Jnk, LPXN, MT1X, NTSR2, OSMR, P2RY12, PI3K, 
Rac, RAMP2, RAMP3, Ras, STAT, SULF1, TRIO, VIPR1

30 16 Cell signaling, nucleic 
acid metabolism, small 
molecule biochemistry

5 ADAM12, ADCY3, ANKRD36B, ARAP1, ASPM, BDKRB1, 
C5ORF13, Ca2+, CDCA3, CLTC, EBF3, EHD1, ESPL1, GLI1, 
GYPC, KDM5B, MAN1C1, MEST, MPP1, NAV3, PDLIM5, PLOD1, 
PRC1, PRND, PTH1R, RTKN2, SEMA6A, SERPINH1, SH3D19, 
SHCBP1, SLC2A4, SMAD2, TGFB1, TGFBR3, TUFM

25 14 Cardiovascular system 
development and 
function, organismal 
development, tissue 
morphology
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Table 4

Molecular and Cellular Functions of Differentially Expressed Genes

Functions Number of Molecules

Cellular growth and proliferation 46

Cell cycle 26

Cellular assembly and organization 18

Cellular movement 23

Cell morphology 13

Cell-to-cell signaling and interaction 19
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