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Abstract

We previously demonstrated that the expression of intercellular adhesion molecule-1 (ICAM-1) by 

skeletal muscle cells after muscle overload contributes to ensuing regenerative and hypertrophic 

processes in skeletal muscle. The objective of the present study is to reveal mechanisms through 

which skeletal muscle cell expression of ICAM-1 augments regenerative and hypertrophic 

processes of myogenesis. This was accomplished by genetically engineering C2C12 myoblasts to 

stably express ICAM-1, and by inhibiting the adhesive and signaling functions of ICAM-1 

through the use of a neutralizing antibody or cell penetrating peptide, respectively. Expression of 

ICAM-1 by cultured skeletal muscle cells augmented myoblast-myoblast adhesion, myotube 

formation, myonuclear number, myotube alignment, myotube-myotube fusion, and myotube size 

without influencing the ability of myoblasts to proliferate or differentiate. ICAM-1 augmented 

myotube formation, myonuclear accretion, and myotube alignment through a mechanism 

involving adhesion-induced activation of ICAM-1 signaling, as these dependent measures were 

reduced via antibody and peptide inhibition of ICAM-1. The adhesive and signaling functions of 

ICAM-1 also facilitated myotube hypertrophy through a mechanism involving myotube-myotube 

fusion, protein synthesis, and Akt/p70s6k signaling. Our findings demonstrate that ICAM-1 
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expression by skeletal muscle cells augments myogenesis, and establish a novel mechanism 

through which the inflammatory response facilitates growth processes in skeletal muscle.
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Introduction

Cellular and molecular processes associated with the development of muscular tissue 

(myogenesis) serve to restore structure and function to skeletal muscle injured by exercise, 

trauma, or disease, as well as facilitate muscle hypertrophy after mechanical loading (e.g., 

muscle overload). Myogenesis is preceded by the proliferation of a specialized population of 

myogenic stem cells known as satellite cells, which normally reside in a quiescent state 

between the sarcolemma and the basal lamina of myofibers, leading to an increased number 

of muscle precursor cells (myoblasts) in skeletal muscle [1]. In the initial stage of 

myogenesis, myoblasts differentiate, adhere to each other, and fuse to form multinucleated 

myotubes [2–6]. Nascent myotubes add nuclei and hypertrophy through the fusion of 

myoblasts with myotubes, myotube-myotube fusion, and increased protein synthesis [2–7]. 

In adult muscle, muscle injury recapitulates some aspects of developmental myogenesis as 

indicated by the formation and maturation of centrally nucleated (regenerating) myofibers, 

which reflect myotube formation and their subsequent hypertrophy into normal myofibers 

with peripherally located nuclei [2]. These newly formed myofibers restore muscle structure 

and function by replacing necrotic myofibers within injured muscle. Satellite cell/myoblast 

proliferation and regenerating myofibers have also been observed in hypertrophying muscles 

after muscle overload [8–12]. The extent to which satellite cells and regenerating myofibers 

contribute to overload-induced hypertrophy remains controversial [11, 12].

We previously reported that adhesion molecules of the inflammatory response, such as 

leukocyte specific β2 integrins and intercellular adhesion molecule-1 (ICAM-1;CD54), 

contribute to the regulation of regenerative and hypertrophic processes in skeletal muscle [9, 

10, 13]. ICAM-1 is a membrane glycoprotein consisting of an extracellular domain, a 

transmembrane segment, and a short cytoplasmic domain. The extracellular domain of 

ICAM-1 functions as a ligand for α-subunits of β2 integrins (CD11a and CD11b) and 

fibrinogen, and ligation of ICAM-1 transduces an intracellular signal through the interaction 

of its cytoplasmic domain with adaptor and other cytoskeletal proteins [14, 15]. Prior work 

has established that ICAM-1 is not constitutively expressed by skeletal muscle cells in vitro 

or in vivo [10, 16, 17]. In contrast, we found ICAM-1 on the membrane of satellite cells/

myoblasts, regenerating myofibers, and normal myofibers after muscle overload [10]. 

Expression of ICAM-1 by skeletal muscle cells and other cell types (e.g., endothelial cells 

and leukocytes) contributed to regenerative and hypertrophic processes in skeletal muscle, 

as indicated by an attenuation in regenerating myofiber formation, protein synthesis, and 

hypertrophy in overloaded muscles of ICAM-1−/− compared to wild type mice [10]. As the 

extracellular domain of ICAM-1 facilitates cell-to-cell adhesion, and the cytoplasmic 

domain of ICAM-1 can activate signaling pathways (e.g., p38 MAPK and Akt) [14, 15] that 
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are pertinent to muscle growth, we speculate that the expression of ICAM-1 by skeletal 

muscle cells augments myogenic processes critical to muscle regeneration and hypertrophy.

The objective of the present study was to test the hypothesis that the expression of ICAM-1 

by skeletal muscle cells augments regenerative and hypertrophic processes of myogenesis. 

We report that ICAM-1 expression by cultured skeletal muscle cells (C2C12 cells) 

augmented events of myogenesis in which myotubes are forming, adding nuclei, aligning, 

fusing, synthesizing proteins, and hypertrophying. We also explored the involvement of the 

extracellular and cytoplasmic domains of ICAM-1, as well as p38 MAPK and Akt/p70s6k 

signaling, as mechanisms through which ICAM-1 expression by skeletal muscle cells 

augmented events of myogenesis.

Materials and Methods

Stable Transfections

C2C12 myoblasts (ATCC) were stably transfected with an expression vector containing 

murine ICAM-1 under transcriptional regulation of the human β-actin promoter (pHβA-

ICAM1; kindly provided by Dr. Stephen Hedrick at The University of California, San 

Diego; ICAM-1+ cells) [18]. Another population of C2C12 myoblasts were stably 

transfected with an empty pHβAPr-1 vector (generously provided by Dr. Peter Gunning at 

the University of New South Wales; EV cells) [19]. Transfection quality plasmid DNA was 

prepared using a commercially available kit (Qiagen) and transfected using Lipofectamine™ 

2000 according to the manufacturer’s protocol (Life Technologies). Cells transfected with 

the ICAM-1 plasmid or empty vector were placed under G418 (800 μg/ml) selection for a 

total of 24 d to create a population of stably transfected cells. Non-transfected C2C12 

myoblasts served as control cells.

Transfection efficiency was assessed via flow cytometry, western blotting, and 

immunofluorescence. For flow cytometry, cells were detached from tissue culture dishes 

using enzyme free cell disassociation buffer (Life Technologies), treated with Fc Block™ 

(BD Biosciences), and incubated for 30 min with a phycoerythrin (PE)-conjugated anti-

ICAM-1 antibody (clone YN1/7.4) or an equivalent amount of a isotype control antibody 

(eBiosciences). Cells were analyzed using FACSCalibur (BD Biosciences) at the University 

of Toledo Flow Cytometry Core Facility using standard procedures. Western blot and 

immunofluorescence detection of ICAM-1 were performed as described below.

Cell Cultures

Myoblasts (control, EV, or ICAM-1+) were seeded in 24 well plates for proliferating 

cultures (2,500 cells/cm2), and in 6 or 12 well plates or 100 mm dishes for differentiating 

cultures (5,000 cells/cm2). Cells proliferated in Dulbecco’s modified eagle medium 

(DMEM; Thermo Scientific) containing 10% fetal bovine serum (Sigma-Aldrich; growth 

medium) for up to 4 d. Upon reaching 90% confluence, cells were treated with DMEM 

containing 2% horse serum (Sigma-Aldrich; differentiation medium) for up to 6 d. To 

explore the possibility that components of horse serum influenced ICAM-1 mediated 

myogenesis, we also differentiated ICAM-1+ cells in DMEM supplemented with insulin (5 
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μg/ml), transferrin (5 μg/ml) and selenium (5 ng/ml) (ITS medium; Sigma-Aldrich). All 

media contained antibiotic-antimycotic reagents (100 U/ml penicillin, 0.1 mg/ml 

streptomycin, and 0.25 μg/ml of amphotericin B; Sigma-Aldrich) and were changed either 

daily (ITS medium) or every 2 d (growth and differentiation medium).

Antibody Neutralization of ICAM-1

The involvement of the extracellular domain of ICAM-1 in myogenesis was tested using an 

antibody neutralization approach. ICAM-1+ cells were washed three times in phosphate 

buffered saline (PBS) and then treated with differentiation medium supplemented with 

vehicle (water), an ICAM-1 neutralizing antibody (YN1/1.7.4; eBioscience; 100 μg/ml) or 

an isotype control antibody (eBioscience; 100 μg/ml) for 2 or 24 h. The antibody 

concentration was chosen based on findings from experiments that examined the influence 

of varying concentrations of the ICAM-1 neutralizing antibody on myotube indices. For the 

myoblast adhesion assay (described below), ICAM-1+ cells were suspended in 

differentiation medium containing vehicle, isotype control antibody (100 μg/ml), or ICAM-1 

antibody (100 μg/ml) for 2 h.

Cell Penetrating Peptides

The involvement of the cytoplasmic domain of ICAM-1 in myogenesis was tested using a 

cell penetrating peptide that competitively inhibits the binding of the cytoplasmic domain of 

ICAM-1 to downstream adaptor and signaling proteins (ICAM-1 peptide) [20–22]. This 

peptide consisted of amino acids of antennapedia (RQIKIWFQNRRMKWKK) followed by 

13 (out of 27) amino acids of the cytoplasmic domain of murine ICAM-1 

(QRKIRIYKLQKAQ). The control peptide contained the amino acid sequence for 

antennapedia and rat rhodopsin (CKPMSNFRFGENH), an irrelevant peptide [20–22]. 

Peptides were synthesized by Ohio Peptides Inc. Cultured cells were washed three times in 

PBS and then treated with differentiation medium supplemented with a peptide (50 or 100 

μg/ml) or vehicle (water) for 2 or 24 h.

Western blotting

Cells were collected in reducing sample buffer (2% sodium dodecyl sulphate, 50mM tris(2-

carboxyethyl)phosphine hydrochloride, 80 mM Tris-HCL and 10% glycerol) containing 

protease inhibitors (1mM EDTA, 5μg/ml leupeptin, 5μg/ml aprotinin, and 11 mM 4-(2-

aminoethyl) benzenesulfonyl fluoride) and then sonicated (Misonix; Model S-4000). 

Samples were boiled and separated on 10% SDS-PAGE gels (25 μg of protein per lane). 

Proteins were transferred for 1 h to PVDF-FL membranes (Millipore) in Towbin’s transfer 

buffer containing 10% methanol using a semi-dry (20 volts) or a wet transfer (200 mA) 

protocol. Membranes were blocked (Licor Odyssey® Blocking Buffer or 5% non-fat dry 

milk) and incubated overnight at 4°C with an antibody that recognizes ICAM-1 (R&D 

Systems Cat # AF796), myogenin (clone FD5; BD Pharmingen Cat# 556358), total-p38α 

(Santa Cruz Cat# SC-535), phospho-p38 (Thr180/Tyr182) (Cell Signaling Cat# 9211), 

puromycin [23], total Akt (Cell Signaling Cat # 9272), phospho-Akt (Ser473) (Cell 

Signaling Cat # 9271), total p70s6k (Cell Signaling Cat# 2708), phospho-p70s6k (Thr389) 

(Santa Cruz Cat # SC-11759), α-tubulin (Cell Signaling Technology Cat # 3873), or 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell Signaling Cat# 2118) antibody. 
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Detection of antibody binding was achieved by using an Alexa Fluor® 680 secondary 

antibody (Invitrogen) and the Odyssey® infrared detection system.

Protein Synthesis

Protein synthesis was measured in cells treated with differentiation medium for up to 6 d 

using a nonradioactive western blotting technique known as surface sensing of translation 

[23, 24]. Cells were washed three times in PBS and treated with differentiation medium 

containing 1 μM puromycin (an analog of tyrosyl-tRNA) for 30 min at 37°C in a 5% CO2 

humidified environment [24]. Cells were collected and analyzed for incorporation of 

puromycin into nascent peptide chains via western blot analysis as described above.

Immunofluorescence

Cells were washed, fixed in 70% methanol/30% acetone, and permeabilized with 0.05% 

triton X-100 or 1 N HCl (BrdU labeling). For myogenin labeling, cells were fixed in 2% 

formaldehyde followed by 70% methanol/30% acetone. Cells were treated with blocking 

buffer (3% bovine serum albumin, 0.05% Tween-20, 0.2% gelatin in PBS) and then one of 

the following antibodies for 2 h: anti-ICAM-1 (R&D Systems product # AF796), anti-5-

bromo-2′-deoxyuridine (BrdU) (Developmental Studies Hybridoma Bank), anti-myogenin 

(clone FD5; Developmental Studies Hybridoma Bank), anti-sarcomeric myosin heavy chain 

(MHC) (1:20; clone MF20; Developmental Studies Hybridoma Bank), anti-CD11a (clone 

M17/4; eBiosciences), or anti-CD11b (clone M1/70; BD Pharmingen). Cells were then 

incubated with a fluorochrome-conjugated secondary antibody (Invitrogen) and mounted 

with Fluoromount-G™ containing 4′,6-Diamidino-2-phenylindole (DAPI; SouthernBiotech).

For image analysis, six fields per well were visualized using a 10X objective on an 

epifluorescence microscope (Olympus IX70; B&B Microscopes), and captured with a CCD 

camera (RT KE SPOT™; Diagnostic Instruments). The first image was taken at the center of 

the well, and the second image was taken two fields of view (400 μm) to the right of the first 

image. The remaining four images were captured four fields of view (800 μm) from the 

preceding image, and collectively depicted a square in the center of the well. The same 

camera settings (i.e., exposure, gain, and gamma) were used for all images captured for a 

data set. The standardized approach to image capture was used to avoid investigator bias.

Myoblast Proliferation

Myoblast proliferation in growth medium was quantified by collecting cells using trypsin 

and counting them in a hemocytometer. Proliferation in differentiation medium was 

quantified by the incorporation of BrdU into nuclei. Cells were pulse labeled with BrdU 

(100 μM; Sigma-Aldrich) for 2 h at 1, 2, and 3 d of differentiation. Detection of BrdU and 

image capture was performed as described above. The number of BrdU+ nuclei was counted 

using image analysis software (Image Pro 7; Media Cybernetics Inc.), and was expressed as 

a percentage of the total number of nuclei. On average, ~5,000 nuclei per well were 

analyzed.
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Myoblast Differentiation

The relative abundance of myogenin protein and its nuclear localization were determined via 

western blotting and immunofluorescence. Fluorescent images of myogenin and nuclei were 

captured in six standardized fields of view, and the percentage of nuclei containing 

myogenin was quantified using image analysis software (Image Pro 7; Media Cybernetics 

Inc.). On average, ~5,000 nuclei per well were analyzed.

The activity of creatine kinase was quantified as a biochemical marker for the later stage of 

differentiation [25]. Cells were collected in lysis buffer (1% Igepal®; Sigma-Aldrich) 

containing protease inhibitors. Lysates were centrifuged and supernatants were incubated 

with a creatine kinase assay reagent (Sigma Diagnostics). The rate of absorbance at 340 nm 

was measured at 30 second intervals for 3 minutes with a spectrophotometer. Creatine 

kinase activity (U/L) was subsequently calculated from changes in the rate of absorbance 

according to manufacturer’s instruction, and normalized to total protein concentration (mU/

mg).

Myoblast Adhesion

A cell suspension adhesion assay was performed using published procedures [26, 27]. Cells 

were seeded at high density (18,000 cells/cm2) in growth medium and allowed to adhere for 

2 h. Myoblasts were then treated with differentiation medium for 24 h to generate fusion 

competent myoblasts [26]. Cells were collected using StemPro® Accutase® (Invitrogen), 

centrifuged, suspended in differentiation medium (200 cells/μl), and placed in a rotary 

shaking water bath (37°C and 80 rpm) for 2 h. The total number of cells at the beginning of 

the incubation (N0), and the number of single cells at 15, 30, 45, 60, 90, and 120 min of 

incubation (NT), was counted using a hemocytometer. Percent aggregation at each interval 

was calculated using the following equation: . Cell viability was 

assessed by incubating cells with Evan’s blue dye and viewing them via epifluorescence 

microscopy.

At 15, 60, and 120 min of incubation, 15,000 cells were added to a cytospin funnel (Thermo 

Scientific) using sterile pipette tips that had been cut to an opening of greater than 5 mm. 

Funnels were centrifuged (Cytospin 4; Thermo Scientific) and cytospin prepared slides were 

fixed in 2.5% glutaraldehyde, treated with 0.05% triton X100, and mounted with 

Fluoromount-G™ (SouthernBiotech). Images of glutaraldehyde-induced fluorescence (FITC 

setting) were captured in six standardized fields of view. The number of cells within an 

aggregate of cells was quantified using the cluster function of Image Pro 7 analysis software 

(Media Cybernetics Inc.).

Myotube Number and Size

Merged images of MHC and nuclei were analyzed using macro functions written for image 

analysis software (Image Pro 7; Media Cybernetics Inc.). Briefly, blue (DAPI) and green 

(FITC) colors were extracted from a merged image to create separate luminance images of 

nuclei and MHC, respectively. These images were then calibrated to the 10X objective. 

Using the luminance image of nuclei, the number of nuclei was counted using the cluster 

function. An outline of MHC labeling was created in the luminance image of MHC and then 
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merged with the luminance image of nuclei. This merged image was used to quantify 

dependent measures.

Differentiated myoblasts were operationally defined as MHC+ mononuclear cells with an 

area greater than 100 μm2; whereas, myotubes were operationally defined as MHC+ cells 

with 2 or more nuclei and an area greater than 200 μm2. Using these definitions, the 

software counted the number of nuclei, myotubes, and nuclei within a myotube (myonuclear 

number), as well as determined the length, maximum width, area, and mean diameter 

(average length of diameter measured at 2 degree intervals and passing through the centroid) 

of individual myotubes. The fusion index, which reflects myotube formation and myonuclei 

accretion, was calculated by expressing the number of nuclei within myotubes as a 

percentage of total nuclei. On average, ~8,000 nuclei per well were analyzed. In the later 

days of treatment with differentiation medium myotubes often extend outside a field of 

view. In this situation, measurements were made for the portion of the myotube that was in 

the field of view. We did not exclude myotubes that extend outside the field of view from 

our analysis as this would have substantially reduced the total number of myotubes in which 

quantitative measurements were made, and bias our data to short myotubes.

Myotube Alignment

The alignment of myotubes was quantified through two dimensional FFT analysis using a 

macro function created by Media Cybernetics using published procedures [28, 29]. Briefly, 

the software decomposed a luminance image of MHC expression into its sine and cosine 

components and then converted the spatial information into a mathematically defined 

frequency domain. Pixel intensities were summed for each angle (0–360°), normalized to the 

lowest intensity value, and plotted against angle to produce a FFT alignment plot [28]. The 

degree of alignment is indicated by peak normalized sum intensity and the overall shape of 

the FFT alignment plot [28]. The shape of the alignment plot was quantified by calculating 

the area under the curve using the trapezoid rule method.

Statistical Analyses

Using Sigma Stat statistical software (Systat), data sets were analyzed using one or two way 

analysis of variance (ANOVA). The Newman-Keuls post-hoc test was then used to locate 

the differences between groups when the observed F ratio was statistically significant 

(p<0.05). Data are reported as mean and standard error. The reported sample size for a given 

dependent measure represents the number of replicates per group in 3 or more separate 

experiments.

Results

ICAM-1 Expression

As skeletal muscle cells do not constitutively express ICAM-1 [10, 16, 17], we used a stable 

transfection approach to reveal the extent to which ICAM-1 expression by skeletal muscle 

cells influences myogenesis. Flow cytometry revealed that greater than 90% of the 

myoblasts transfected with the ICAM-1 plasmid expressed ICAM-1 (ICAM-1+; Fig. S1A). 

As expected, western blotting failed to detect ICAM-1 in cultures containing either control 
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or empty vector (EV) myoblasts (Fig. S1B). In contrast, ICAM-1+ cells expressed high 

levels of ICAM-1. The ICAM-1 band observed for ICAM-1+ cells was of the same 

molecular weight as that found for control myoblasts treated with TNF-α (10 ng/ml of 

rmTNF-α for 24 h), a treatment that caused 30% of the myoblasts to express ICAM-1 [10]. 

In ICAM-1+ cells, ICAM-1 expression remained high throughout 6 d of differentiation in 

both myotubes and non-fused myoblasts (Fig. S1C and D). Collectively, our findings 

demonstrate the creation of a murine skeletal muscle cell line that expresses ICAM-1.

ICAM-1 Expression does not Influence Myoblast Proliferation

We first determined if ICAM-1 expression by myoblasts influences their ability to 

proliferate. Myoblast number was similar between the cell lines at 2–4 d of treatment with 

growth medium (Fig. S1E). Proliferation in differentiation medium was assessed by 

quantifying the incorporation of BrdU into nuclei (Fig. S1F). The percentage of BrdU+ 

nuclei at 1–3 d of differentiation was similar between the cell lines (Fig. S1G). These data 

demonstrate that ICAM-1 expression by myoblasts does not influence their proliferation in 

growth or differentiation medium.

ICAM-1 Expression does not Influence Myoblast Differentiation

The influence of ICAM-1 expression on myoblast differentiation was assessed by 

quantifying the expression and nuclear localization of myogenin, and the activity of creatine 

kinase. The relative abundance of myogenin protein, percentage of nuclei expressing 

myogenin, and creatine kinase activity were similar between the cell lines through 3 d of 

differentiation (Fig. 1A–E). As p38 MAPK signaling facilitates myoblast differentiation [6, 

30, 31], phosphorylated levels of p38 MAPK were used as readout of the extent to which 

ICAM-1 expression influences cell signaling for myoblast differentiation. Phosphorylated 

(Thr180/Tyr182) and total p38α MAPK were similar between the cell lines throughout 3 d 

differentiation (Fig. 1F and G). Lastly, treatment of ICAM-1+ cells at 1 d of differentiation 

for 2 or 24 h with a cell penetrating peptide that blocks the signal transducing function of the 

cytoplasmic domain of ICAM-1 [20–22], failed to influence myogenin expression and 

phosphorylated levels of p38 MAPK (Fig. S2). Collectively, these data demonstrate that the 

expression of ICAM-1 by myoblasts does not influence their ability to differentiate.

ICAM-1 Expression Augments Nascent Myotube Formation and Myonuclear Number

The extent to which ICAM-1 expression influences myotube formation and myonuclei 

accretion was determined through quantitative analysis of myosin heavy chain (MHC) and 

nuclei staining (Fig. 2A). The number of myotubes was 2 fold higher at 2 and 3 d of 

differentiation in ICAM-1+ compared to control and empty vector cells (Fig. 2B). 

Furthermore, myonuclear number and percentage of nuclei within myotubes (i.e., fusion 

index) were 2–3 fold higher in ICAM-1+ compared to control and empty vector cells at 2 

and 3 d of differentiation (Fig. 2C and D). These data demonstrate that ICAM-1 expression 

enhances nascent myotube formation and subsequent myonuclear accretion.
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ICAM-1 Expression Augments Myotube-Myotube Fusion and Myotube Size

ICAM-1 expression influenced myotube number after nascent myotube formation reached a 

plateau (i.e., after 3 d of differentiation). In ICAM-1+ cells, the number of myotubes at 5 

and 6 d of differentiation was ~2 fold lower compared to control and empty vector cells 

(Fig. 2B). In contrast, myonuclei number and fusion index were 2–4 fold higher at 5 and 6 d 

of differentiation for ICAM-1+ compared to control and empty vector cells (Fig. 2C). These 

findings of a reduced number of myotubes and a concomitant increase in myonuclei number 

indicate that ICAM-1 expression augmented fusion of mature myotubes.

The average length, diameter, area (Fig. 2E–G), as well as maximum width (data not 

reported) of myotubes were 1.3–3 fold higher in ICAM-1+ compared to control and empty 

vector cells at 3–6 d of differentiation. These data demonstrate that ICAM-1 expression 

augmented myotube hypertrophy.

ICAM-1 Expression Enhances Myoblast Adhesion

As myotube formation and myonuclear accretion is dependent on myoblast adhesion [2, 3], 

we examined the influence of ICAM-1 expression on myoblast adhesion in a 2 h cell 

suspension assay. Percent aggregation was 3 and 1.7 fold higher in ICAM-1+ compared to 

control and empty vector cells at 15–30 and 45–120 min of the assay, respectively. The 

average number of cells in aggregates was similar between the cell lines at 15 min, and 2.5 

fold higher for ICAM-1+ cells was compared to control and empty vector cells at 60 and 

120 min of the assay (Fig. 3B and C). These data indicate that ICAM-1 expression 

facilitated myoblast-myoblast adhesion by initially increasing the rate of aggregate 

formation, and subsequently by increasing the number of cells in aggregates. These findings 

demonstrate that ICAM-1 expression augments homotypic adhesion of fusion competent 

myoblasts.

ICAM-1 Expression Facilitates Myotube Alignment

Nascent myotubes in vitro initially adopt a random pattern of alignment and align 

themselves just prior to myotube-myotube fusion [32–34]. To explore mechanisms through 

which ICAM-1 expression augments myotube fusion, and the resulting increase in 

myonuclear number and myotube size, we quantified the degree of alignment of myotubes 

using fast Fourier transform (FFT) analysis [28, 29]. This analysis converted the spatial 

information within an image of MHC and nuclei staining (Fig. 4A) into a mathematically 

defined frequency domain, resulting in a FFT plot with low frequency pixels at the origin 

and high frequency pixels away from the origin (Fig. 4B). Pixel intensities are plotted 

against angle (0–360°) to produce a FFT alignment plot (Fig. 4C). Peak normalized sum 

intensity and the overall shape of the FFT alignment plot reflect the degree of alignment 

[28].

As expected, control and empty vector myotubes showed more than one axis of alignment as 

indicated by a broad pattern in FFT alignment plots and low peak sum intensities (Fig. 4A–

C). In contrast, ICAM-1+ myotubes showed a high degree of alignment. Peak sum 

intensities and areas under the curve (a measure of the overall shape of the FFT alignment 

plot) were 50–60% higher at 2–6 d of differentiation for ICAM-1+ compared to control and 
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empty vector cells (Fig. 4D and E). These data demonstrate that ICAM-1 expression induced 

the parallel alignment of nascent and mature myotubes.

Extracellular and Cytoplasmic Domains of ICAM-1 Regulates Early Events of Myogenesis

To substantiate the involvement of ICAM-1 in the regulation of the early events of 

myogenesis, we inhibited the adhesive and signaling function of ICAM-1 by treating cells 

with a neutralizing antibody or peptide, respectively at 1 d of differentiation. Antibody 

blockade of the extracellular domain of ICAM-1 reduced the number of cells within 

aggregates (Fig. 5A). In contrast, percent aggregation was not reduced by antibody 

neutralization of ICAM-1 (Fig. 5B). This finding was most likely attributable to an 

insufficient amount of time for antibody neutralization of ICAM-1 prior to the formation of 

aggregates, as 45% of the vehicle treated cells formed aggregates within 15 min of 

incubation. Importantly, myotube formation, myonuclear number, fusion index, myotube 

alignment (Fig. 5C–G), as well as indices of myotube size (data not reported) were reduced 

by treatment with ICAM-1 antibody. Peptide inhibition of the cytoplasmic domain of 

ICAM-1 also reduced myotube formation, myonuclear number, fusion index, myotube 

alignment (Fig. 5H–L), as well as indices of myotube size (data not reported). As expected, 

treatment of control and EV cells with ICAM-1 antibody or peptide did not reduce myotube 

indices (data not reported). Collectively, these data indicate that adhesion-induced activation 

of ICAM-1 signaling in skeletal muscle cells augments myotube formation, myonuclear 

accretion, and myotube alignment.

Extracellular and Cytoplasmic Domains of ICAM-1 Regulates Later Events of Myogenesis

To substantiate the involvement of ICAM-1 in myotube fusion and hypertrophy, we treated 

ICAM-1+ cells with ICAM-1 antibody or peptide at 5 d of differentiation. Both antibody 

(Fig. 6A–D) and peptide (Fig. 7A–D) inhibition of ICAM-1 increased myotube number, as 

well as decreased myonuclei number and fusion index. The ICAM-1 antibody and peptide 

also reduced alignment, diameter, and area of myotubes (Fig. 6E–G and Fig. 7E–G), as well 

as myotube length and width (data not reported). Collectively, these data indicate that 

adhesion-induced activation of ICAM-1 signaling in skeletal muscle cells augments 

myotube hypertrophy by facilitating myotube fusion.

As sustained elevations in protein synthesis induce skeletal muscle cell hypertrophy [24, 

35], we quantified the extent to which ICAM-1 expression influences protein synthesis using 

a nonradioactive western blotting technique [23, 24]. Protein synthesis was 3 fold higher in 

ICAM-1+ compared to control and empty vector cells throughout 6 d of differentiation (Fig. 

8A). Total protein was 25% higher in ICAM-1+ compared to control and empty vector cells 

throughout 6 d of differentiation (data not reported; n=6). To establish the involvement of 

the extracellular and cytoplasmic domains of ICAM-1 in protein synthesis, we treated cells 

with the ICAM-1 antibody or peptide at 5 d of differentiation for 2 h. The ICAM-1 antibody 

reduced protein synthesis in ICAM-1+ cells by 76% compared to cells treated with vehicle 

and isotype control antibody (data not reported; n=4). Importantly, peptide inhibition of 

ICAM-1 (Fig. 8B) reduced protein synthesis to levels that were observed in control and 

empty vector cells. As expected, ICAM-1 peptide did not influence protein synthesis in 
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control and empty vector cells. These data indicate that the adhesive and signaling functions 

of ICAM-1 augmented myotube hypertrophy by elevating protein synthesis.

As protein synthesis in skeletal muscle cells is regulated by Akt and mTOR [7, 35], we 

analyzed levels of Akt and p70s6k (a downstream target of mTOR) in control, empty vector, 

and ICAM-1+ cells through 6 d of differentiation, as well as in ICAM-1+ cells treated with 

ICAM-1 peptide at 5 d of differentiation. Phosphorylated, but not total, levels of Akt 

(Ser473) and p70s6k (Thr389) were 2 fold higher in ICAM-1+ compared to control and 

empty vector cells at 3–6 d of differentiation (Fig. 8C). Compared to vehicle and control 

peptide, ICAM-1 peptide reduced phosphorylated, but not total, levels of Akt and p70s6k in 

ICAM-1+ cells (Fig 8D). These findings demonstrate that the signal transducing function of 

ICAM-1 augmented protein synthesis via a mechanism involving Akt and p70s6k signaling.

Skeletal Muscle Cells do not Express CD11a or CD11b

We explored skeletal muscle cell expression of CD11a and CD11b to gain insight into the 

possibility that their interaction with ICAM-1 served as a mechanism for initiating ICAM-1 

signaling. Although CD11a and CD11b were found to be expressed in peritoneal leukocytes 

(positive control), we did not detect their expression in skeletal muscle cells (control, empty 

vector, and ICAM-1+) treated with differentiation medium for up to 6 d (Fig. S3). Western 

blotting and immunoprecipitation for CD11a and CD11b were not performed on lysates of 

skeletal muscle cells, as both approaches failed to detect a band at their anticipated 

molecular weight (160–180 kDa) in peritoneal leukocytes using established antibodies. 

Nevertheless, our immunofluorescence findings are in agreement with prior work that 

demonstrated that cultured myoblasts and myotubes do not express β2 integrins [9, 16, 17, 

36].

ICAM-1 mediated Myogenesis is not dependent on Serum

We explored the possibility that fibrinogen, which binds to ICAM-1 [37], or other serum 

components served as a mechanism for initiating ICAM-1 signaling by treating ICAM-1+ 

cells with serum free medium containing insulin, transferrin, and selenium (ITS). In ITS 

medium, myotube number, average number of nuclei within myotubes, fusion index, and 

measures of myotube size were similar to values observed for serum containing 

differentiation medium (Fig. S4A–F). These findings demonstrate that phenotypic 

alterations resulting from the expression of ICAM-1 were not dependent on the presence of 

horse serum in differentiation medium.

Discussion

ICAM-1 is a member of the immunoglobulin superfamily of adhesion molecules [14, 15] 

that is not constitutively expressed by skeletal muscle cells [10, 16, 17]. We recently 

reported that muscle overload induced the expression of ICAM-1 by skeletal muscle cells, 

which contributed to the ensuing regenerating myofiber formation, as well as myofiber and 

whole muscle hypertrophy [10]. The present study utilized an in vitro, stable transfection 

approach to determine the extent to which ICAM-1 expression by skeletal muscle cells 

facilitates myogenic processes pertinent to muscle regeneration and hypertrophy. We found 
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that the expression of ICAM-1 by skeletal muscle cells augmented myoblast adhesion and 

subsequent fusion to myoblasts and myotubes, as well as myotube alignment, fusion, and 

size without influencing the ability of myoblasts to proliferate or differentiate. ICAM-1 

augmented events of myogenesis through mechanisms involving its adhesive and signaling 

functions. Taken together, our in vivo and in vitro findings support a novel paradigm in 

which the expression of ICAM-1 by skeletal muscle cells facilitates growth processes in 

skeletal muscle.

A major finding of the present study was that ICAM-1 expression by myoblasts increased 

nascent myotube formation and their subsequent myonuclear accretion by augmenting 

homotypic adhesion of myoblasts. These findings are consistent with our in vivo 

observations after muscle overload. Specifically, muscle overload induced the expression of 

ICAM-1 by satellite cells/myoblasts, and regenerating myofiber formation was substantially 

impaired in overloaded ICAM-1−/− mice [10]. As satellite cells/myoblasts are required for 

the development of regenerating myofibers in overloaded and injured muscles [11, 38], our 

in vitro findings indicate that the expression of ICAM-1 by satellite cells/myoblasts in vivo 

facilitates regenerating myofiber formation by increasing adhesion and subsequent fusion of 

myoblasts.

Other members of the immunoglobulin superfamily of adhesion molecules, such as neural 

cell adhesion molecule (NCAM; CD56) and vascular cell adhesion molecule-1 (VCAM-1; 

CD106) have been reported to facilitate myoblast adhesion and/or fusion [2, 3]. In contrast 

to ICAM-1, NCAM and VCAM-1 are constitutively expressed by cultured myoblasts and 

myotubes [39, 40]. Although the contribution of NCAM and VCAM-1 to in vivo 

myogenesis is controversial [2, 3], antibody neutralization of NCAM and VCAM-1 in vitro 

has been reported to reduce myoblast-myoblast adhesion and/or the percentage of nuclei 

within myotubes (i.e., fusion index) [27, 39]. NCAM facilitates cell-to-cell adhesion through 

the homophilic interaction of NCAM on opposing membranes [41] and regulates myoblast 

fusion through glycosylation of the extracellular domain [42]. The expression of VCAM-1 

by myoblasts has been suggested to facilitate their fusion by binding to VLA-4 (α4 integrin; 

CD49d) expressed by myoblasts and myotubes [39]. Homophilic binding and glycosylation 

could serve as mechanisms for ICAM-1 mediated myoblast adhesion and fusion as ICAM-1 

shares sequence homology with NCAM [43], forms dimers or multimers on plasma 

membranes [44, 45], and contains multiple glycosylation sites [46]. Although binding of 

CD11a or CD11b to ICAM-1 promotes cell-to-cell adhesion [14, 15] and macrophage-

macrophage fusion [47], β2 integrin-ICAM-1 interactions did contribute to ICAM-1 

mediated myoblast adhesion and fusion as cultured skeletal muscle cells do not express β2 

integrins [present study, 9, 16, 17, 36]. In addition to facilitating cell-to-cell interactions, 

ICAM-1 expression by myoblasts could enhance their adhesion to the extracellular matrix, 

as ICAM-1 has been reported to bind to hyaluronan [48], a polysaccharide of the 

extracellular matrix that appears to be expressed by cultured myoblast and myotubes [49]. 

Thus, ICAM-1 expression could enhance adhesion and subsequent fusion of myoblasts 

through multiple mechanisms involving the adhesive function of the extracellular domain of 

ICAM-1.
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Prior investigators have demonstrated in endothelial cells that ligation of the extracellular 

domain of ICAM-1 activates intracellular signaling pathways (e.g., p38 MAPK, Akt, Rho 

GTPases) through the association of the cytoplasmic domain of ICAM-1 with adaptor and 

other cytoskeletal proteins [14, 15]. In ICAM-1+ cells, inhibition of the extracellular and 

cytoplasmic domains of ICAM-1 reduced nascent myotube formation and myonuclear 

accretion. These results indicate that ICAM-1 mediated myoblast adhesion regulates their 

subsequent fusion to myoblasts and myotubes by initiating ICAM-1 signaling. Several 

signaling pathways regulate myoblast fusion by facilitating myoblast differentiation (e.g., 

p38 MAPK and Akt) [6, 30, 31, 50]; whereas, other pathways (e.g., Rac1 GTPase and 

ERK5) augment myoblast fusion through a mechanism that is independent from myoblast 

differentiation [51–53]. As ICAM-1 expression did not influence myoblast differentiation or 

phosphorylated levels of p38 MAPK and Akt (1–2 d of differentiation; data not reported), 

we speculate that ICAM-1 augmented myoblast fusion by increasing Rac1 and/or ERK5 

signaling.

Myotubes in vitro adopt a random pattern of alignment, which is in contrast to the high 

degree of alignment of myofibers in whole muscles. Prior researchers using time lapse 

microscopy have made qualitative observations of myotube migration, alignment, and fusion 

[32–34]. However, no studies to our knowledge have quantified myotube alignment or 

determined its contribution to myotube-myotube fusion. Strikingly, ICAM-1 expression 

increased the parallel alignment of myotubes (nascent and mature) and facilitated fusion of 

mature myotubes, resulting in an increase in myonuclei number.

An increase in myonuclear number is thought to serve as a mechanism for myotube and 

myofiber hypertrophy by increasing their capacity for protein synthesis. In the present study, 

ICAM-1 mediated myotube hypertrophy was accompanied by an increased number of 

myonuclei and a greater rate of protein synthesis. The hypertrophic phenotype of ICAM-1+ 

myotubes closely parallels our in vivo findings after muscle overload [10]. Specifically, 

ICAM-1+ myofibers in overloaded muscles were larger than myofibers that did not express 

ICAM-1, and protein synthesis and measures of hypertrophy (e.g., total protein and 

myofiber size) were attenuated in overloaded ICAM-1−/− compared to wild type mice [10]. 

Myotube and myofiber hypertrophy, particularly after mechanical loading or treatment with 

insulin or insulin-like growth factor-1, occur through mechanisms involving myonuclear 

accretion, increased protein synthesis, and the activity of Akt and/or mTOR [7, 8, 54, 55]. 

These mechanisms contributed to the hypertrophic phenotype of ICAM-1+ cells as 

inhibition of ICAM-1 reduced myonuclei number, protein synthesis, phosphorylated levels 

of Akt and p70s6k, as well as myotube size. Taken together, our in vivo and in vitro findings 

demonstrate that the expression of ICAM-1 by differentiated skeletal muscle cells facilitates 

their hypertrophy.

In our prior in vivo work [10], we speculated that interactions between β2 integrins 

expressed by myeloid cells and ICAM-1 expressed by myofibers facilitate protein synthesis 

and myofiber hypertrophy after muscle overload through the release of cytokines from 

myeloid cells. The results from the present study do not negate this potential mechanism; 

rather the data supports an alternative, cell intrinsic mechanism through which ICAM-1 

expression by myofibers could facilitate their hypertrophy after muscle overload. 
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Specifically, ICAM-1 expression by myofibers in vivo could increase protein synthesis and 

myofiber size through a mechanism that is not dependent on ligation by β2 integrins. 

Clearly, further study is needed to reveal the specific contribution of ICAM-1 expression by 

skeletal muscle cells to regenerative and hypertrophic processes in vivo.

Conclusions

In summary, the expression of ICAM-1 by cultured skeletal muscle cells augmented events 

of myogenesis in which myotubes are forming, adding nuclei, aligning, fusing, synthesizing 

proteins, and hypertrophying, without influencing their ability to proliferate or differentiate. 

ICAM-1 augmented myotube formation and myonuclear accretion by increasing cell-to-cell 

adhesion; whereas, ICAM-1 augmented myotube size by enhancing myotube alignment, 

myotube-myotube fusion, protein synthesis, and Akt/p70s6k signaling. These novel findings 

contribute to a growing body of literature that supports a role of adhesion molecules of the 

inflammatory response in the regulation of growth processes in skeletal muscle [9, 10, 13]. 

Future studies will need to reveal the function of ICAM-1 expressed by primary skeletal 

muscle cells, as well as how ICAM-1 signaling in skeletal muscle cells is initiated and 

controlled, before the role of ICAM-1 in myogenesis is established. Results from these 

studies will help define novel therapeutic targets that restore structure and function to 

injured muscles, and facilitate the maintenance and/or growth of skeletal muscle, 

particularly in older individuals.
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Highlights

• We examined mechanisms through which skeletal muscle cell expression of 

ICAM-1 facilitates events of in vitro myogenesis.

• Expression of ICAM-1 by cultured myoblasts did not influence their ability to 

proliferate or differentiate.

• Skeletal muscle cell of ICAM-1 augmented myoblast fusion, myotube 

alignment, myotube-myotube fusion, and myotube size.

• ICAM-1 augmented myogenic processes through mechanisms involving its 

adhesive and signaling functions.
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Figure 1. 
Myoblast differentiation. A) Representative western blot of myogenin (25 kDa) and α-

tubulin (50 kDa; loading control) in control (CT), empty vector (EV), and ICAM-1+ (IC) 

cells through 3 d of differentiation. B) Quantitative analysis of western blot detection of 

myogenin (n=4). C) Representative images of myogenin (red) localization in nuclei (blue) of 

CT, EV, and ICAM-1+ cells at 2 d of differentiation (scale bar = 100 μm). D) Quantitative 

analysis of myogenin localization, expressed as the percentage of nuclei expressing 

myogenin, through 3 d of differentiation (n=4). E) Quantitative analysis of creatine kinase 

activity through 3 d of differentiation (n=4). F) Representative western blot of 

phosphorylated (Thr180/Tyr182) p38 MAPK (P-p38) and total p38α (40 kDa) in CT, EV, 

and IC cells after 1–3 d of differentiation. G) Quantitative analysis of phosphorylated p38 

MAPK levels through 3 d of differentiation (n=4).
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Figure 2. 
Myotube formation, myonuclear number, and myotube size. A) Representative images of 

myosin heavy chain (green) and nuclei (blue) in control (CT), empty vector (EV), and 

ICAM-1+ cells at 2, 4, and 6 d of differentiation (scale bar = 100 μm). Quantitative analysis 

of myotube number (B), average number of nuclei within myotubes (C), fusion index (D), as 

well as myotube length (E), diameter (F), and area (G) through 6 d of differentiation (n=6). # 

= higher for ICAM-1+ compared to CT and EV cells throughout 6 d of differentiation (main 

effect for cell line; p < 0.05). * = different for ICAM-1+ compared to CT and EV cells at 

indicated day of differentiation (interaction effect; p < 0.001).
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Figure 3. 
Myoblast-myoblast adhesion. A) Percent aggregation of control (CT), empty vector (EV), 

and ICAM-1+ cells at selected intervals throughout 120 min of incubation (n=4–6). # = 

higher for ICAM-1+ compared to CT and EV cells (main effect for cell line; p < 0.001). B) 

Representative images of cytospin prepared slides of CT, EV, ICAM-1+ cells at 120 min of 

incubation (scale bar = 100 μm). Glutaraldehyde-induced fluorescence (green) was used to 

count the number of cells in individual aggregates. C) Average number of cells within 

aggregates of CT, EV, and ICAM-1+ cells at 15, 60, and 120 min of incubation (n=4–6). # = 

higher for ICAM-1+ compared to CT and EV cells (main effect for cell line; p < 0.001).
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Figure 4. 
Myotube alignment. A) Representative images of myosin heavy chain (green) and nuclei 

(blue) in control (CT), empty vector (EV), and ICAM-1+ cells at 3 d of differentiation (scale 

bar = 100 um). B) Representative fast Fourier transform (FFT) images of corresponding 

images of myosin heavy chain and nuclei. C) Corresponding FFT alignment plots showing 

normalized sum intensity on the y-axis and degrees (0–360) on the x-axis. Quantitative 

analysis of peak normalized sum intensity (D) and area under the curve (E) of the FFT 

alignment plots (n=6). # = higher for ICAM-1+ compared to CT and EV cells throughout 6 

d of differentiation (main effect for cell line; p < 0.001). * = higher for ICAM-1+ compared 

to CT and EV cells at indicated day of differentiation (interaction effect; p < 0.001).
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Figure 5. 
The extracellular and cytoplasmic domains of ICAM-1 in the regulation of myotube 

formation, myonuclear accretion, and myotube alignment. ICAM-1+ cells were treated with 

vehicle, isotype control antibody (Isotype Ab; 100 μg/ml), control peptide (CT-P; 100 μg/

ml), ICAM-1 antibody (ICAM-1 Ab; 100 μg/ml), or ICAM-1 peptide (ICAM-1-P; 100 

μg/ml) at 1 d of differentiation for 2 or 24 h. A) Average number of cells within aggregates 

of ICAM-1+ cells treated with vehicle, Isotype Ab, or ICAM-1 Ab throughout 120 min of 

incubation (n=5). # = lower for ICAM-1 Ab compare to vehicle and Isotype-Ab (main effect 

for treatment; p < 0.05). B) Percent aggregation of ICAM-1+ cells treated with vehicle or 

antibody throughout 120 min of incubation (n=4). C) Representative images of myosin 

heavy chain (green) and nuclei (blue) in ICAM-1+ cells after 2 and 24 h treatment with 

vehicle or antibody (scale bar = 100 μm). Quantitative analysis of myotube number (D), 

average number of nuclei within myotubes (E), fusion index (F), and peak normalized sum 

intensity (G) (n=3). # = lower for ICAM-1 Ab compared to Isotype-Ab and vehicle (main 

effect for treatment; p < 0.05), * = lower for ICAM-1 Ab compared to Isotype-Ab and 

vehicle at indicated duration of treatment (interaction effect; p < 0.05). H) Representative 

images of myosin heavy chain (green) and nuclei (blue) in ICAM-1+ cells after 2 and 24 h 

treatment with vehicle or peptide (scale bar = 100 μm). Quantitative analysis of myotube 

number (I), average number of nuclei within myotubes (J), fusion index (K), and peak 

normalized sum intensity (L) (n=4). # = lower for ICAM-1-P compared to CT-P and vehicle 

(main effect for treatment; p < 0.005), * = lower for ICAM-1-P compared to CT-P and 

vehicle at indicated duration of treatment (interaction effect; p < 0.05).
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Figure 6. 
The extracellular domain of ICAM-1 in the regulation of myotube fusion, alignment and 

size. ICAM-1+ cells were treated with vehicle, isotype control antibody (Isotype Ab;100 μg/

ml), or ICAM-1 antibody (ICAM-1 Ab;100 μg/ml) at 5 d of differentiation for 2 or 24 h. A) 

Representative images of myosin heavy chain (green) and nuclei (blue) in ICAM-1+ cells 

after 2 and 24 h treatment with vehicle or antibody (scale bar = 100 μm). Quantitative 

analysis of myotube number (B), average number of nuclei within myotubes (C), and fusion 

index (D), as well as myotube alignment (E), diameter (F), and area (G) (n=4). # = different 

for ICAM-1 Ab compared to Isotype-Ab and vehicle (main effect for treatment; p < 0.05).
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Figure 7. 
The cytoplasmic domain of ICAM-1 in the regulation of myotube fusion, alignment and 

size. ICAM-1+ cells were treated with vehicle, control peptide (CT-P; 50 μg/ml) or ICAM-1 

peptide (ICAM-1-P; 50 μg/ml) at 5 d of differentiation and myotube indices were quantified 

2 and 24 h after treatment. A) Representative images of myosin heavy chain (green) and 

nuclei (blue) in ICAM-1+ cells after 2 and 24 h of treatment with vehicle, CT-P, and 

ICAM-1-P (scale bar = 100 μm). Quantitative analysis of myotube number (B), average 

number of nuclei within myotubes (C), and fusion index (D), as well as myotube alignment 

(E), diameter (F), and area (G) (n=4). # = different for ICAM-1-P compared to CT-P and 

vehicle (main effect for treatment; p < 0.001), * = lower for ICAM-1-P compared to CT-P 

and vehicle at indicated duration of treatment (interaction effect; p < 0.001).
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Figure 8. 
Protein synthesis and Akt/p70s6k signaling. A) Representative western blot and quantitative 

analysis (n=4) of puromycin incorporation into nascent proteins of cells treated with 

differentiation medium for up to 6 d (25 μg/lane). S = standards (250-15 kDa), CT = control, 

EV = empty vector, IC = ICAM-1+. # = higher for ICAM-1+ compared to CT and EV cells 

throughout 6 d of differentiation (main effect for cell line; p < 0.001). B) Representative 

western blot and quantitative analysis (n=4) of puromycin in CT, EV and ICAM-1+ cells 

treated with vehicle (V), control peptide (C or CT-P; 50 μg/ml), or ICAM-1 peptide (I or 

ICAM-1-P; 50 μg/ml) at 5 d of differentiation for 2 h prior to collection of cell lysates. * = 

ICAM-1 peptide reduced protein synthesis in ICAM-1+ cells to levels that were observed in 

CT and EV cells (interaction effect; p < 0.001). C) Representative western blots of Akt and 

p70s6k, as well as quantitative analysis of phosphorylated Akt (Ser473; P-Akt) and p70s6k 
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(Thr389; P-p70) at 3–6 d of differentiation. # = higher for ICAM-1+ compared to CT and 

EV cells (main effect for cell line; p < 0.005). D) Representative western blots of Akt and 

p70s6k, as well as quantitative analysis of phosphorylated levels Akt and p70s6k for 

ICAM-1+ cells treated with vehicle, control peptide (CT-P; 50 μg/ml) or ICAM-1 peptide 

(ICAM-1-P; 50 μg/ml) at 5 d of differentiation for 2 h prior to collection of cell lysates. 

Scanning units are presented below blots for P-Akt and P-p70. * = lower for ICAM-1-P 

compared to vehicle and CT-P (p < 0.05).
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