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Abstract

BACKGROUND—Tenascin-C (TNC) is a highly conserved matricellular protein with a distinct 

expression pattern during development and disease. Remodeling of the left ventricle (LV) in 

response to pressure overload leads to the re-expression of the fetal gene program.

OBJECTIVES—The aim of this study was to investigate the function of TNC in cardiac 

hypertrophy in response to pressure overload.

METHODS—Pressure overload was induced in TNC knockout and wild-type mice by 

constricting their abdominal aorta or infusion of angiotensin II. Echocardiography, 

immunostaining, flow cytometry, quantitative real-time polymerase chain reaction, and reciprocal 

bone marrow transplantation were used to evaluate the effect of TNC deficiency.

RESULTS—Echocardiographic analysis of pressure overloaded hearts revealed that all LV 

parameters (LV end-diastolic and end-systolic dimensions, ejection fraction, and fractional 

shortening) deteriorated in TNC-deficient mice compared to their wild-type counterparts. The size 

of cardiomyocytes and collagen accumulation were significantly higher in the absence of TNC. 

Mechanistically, TNC deficiency promoted rapid accumulation of the CCR2+/Ly6Chi monocyte/

macrophage subset into the myocardium in response to pressure overload. Further, 

echocardiographic and immunohistochemical analyses of recipient hearts showed that expression 

of TNC in the bone marrow, but not the myocardium, protected the myocardium against excessive 

remodeling of the pressure-overloaded heart.

CONCLUSIONS—TNC deficiency further impaired cardiac function in response to pressure 

overload and exacerbated fibrosis by enhancing inflammation. In addition, expression of TNC in 

the bone marrow, but not the myocardium, protected the myocardium against excessive 

remodeling in response to mild pressure overload.
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Introduction

Left ventricular hypertrophy (LVH) is a strong predictor of adverse cardiovascular outcomes 

and an important risk factor for sudden death and heart failure (1). LVH is a complex and 

multifactorial condition whose pathogenesis might include many different genetic and 

signaling pathways (2). At the cellular level, LVH is characterized by an increase in cell size, 

enhanced protein synthesis, and heightened organization of the sarcomere. At the molecular 

level, these changes in cellular phenotype are accompanied by the re-expression of fetal 

gene program (3).

Tenascin-C (TNC) is a member of matricellular proteins with distinct spatial and temporal 

expression during development, tissue homeostasis, and disease (4). It is highly expressed 

during fetal development but its expression is downregulated in adult tissues. Multiple 

functions have been attributed to TNC based upon its effects observed in cell culture and its 

distribution in tissues undergoing active restructuring. In different experimental models and 

tissues, TNC has been reported to mediate or inhibit cell adhesion (5–9), induce or inhibit 

differentiation (10,11), stimulate cell growth and survival (12,13), and promote apoptosis 

(14,15). Nonetheless, TNC’s actions in the pathophysiology of cardiovascular disease in 

vivo remain uncertain.

The heart of TNC knock-out (TNCKO) mice develop normally and show no sign of 

deficiency (16–18). However, TNC is re-expressed in the myocardium in response to a wide 

array of cardiac injuries. This study aimed to investigate the significance of myocardial 

expression of TNC in the pathology of the pressure-overloaded heart.

Methods

All surgical procedures described were performed in accordance with the National Institute 

of Health standards and approved by the Institutional Animal Care and Use Committee of 

Cedars-Sinai Medical Center.

A more detailed methods section for this study is in the Online Appendix. Briefly, we used 

C57BL/6 (wild-type) mice (The Jackson Laboratory, Bar Harbor, Maine) as well as TNCKO 

mice (in the C57BL/6 background) from established colonies at Cedars-Sinai as previously 

described (19). Sex- and age-matched animals were used for all experiments. For 

experiments described in this publication adult male mice (11 to 12 weeks old) were used. 

At this age, developmental growth of the heart is complete. The weight of each mouse at this 

age ranged between 25 and 30 g. The number of mice used in each study is described in the 

tables and figure legends.

The mice groups were randomly selected for transverse aortic constriction (TAC) surgery, 

which is generally performed by placing a band on either the ascending, transverse, or 
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descending portion of the aorta depending on study design (20,21). Constriction of the 

ascending aorta provides an extreme and more rapid overload on the left ventricle (LV), 

whereas abdominal aorta constriction is milder and leaves intact a larger portion of the 

circulation as a means of possible compensation (20,21). Abdominal aortic constriction 

allowed us to produce mild pressure overload compared to the widely used ascending aortic 

banding. All baseline data were collected before TAC. The surgical procedure was 

performed essentially as previously described (22) on anesthetized male mice. At the 

indicated times after constriction, cardiac function and blood pressure (BP) were measured. 

The mice were euthanized and their tissues harvested for further analysis.

Measurement and Analysis

Transthoracic echocardiography was performed on anesthetized animals, with measurement 

of: ejection fraction (EF); fractional shortening (FS); LV internal diameter diastolic 

(LVIDd); LV internal diameter systolic (LVIDs); posterior wall thickness diastolic (PWTd); 

and posterior wall thickness systolic (PWTs). Three consecutive cardiac cycles were 

analyzed and the average was used for data analysis. The time points were selected for 

echocardiographic studies: pre-TAC (baseline); 1 month; and 2 months post-TAC.

Blood pressure (BP) was measured using a tail cuff CODA 6 system. Thoracic BP proximal 

to the constricted site was calculated by adding tail BP to the Doppler-derived BP gradient 

across the constriction. Multiple recordings were performed to obtain the average data.

After weighing mice, hearts were dissected at the indicated times post-TAC or sham-

operated surgery from mice of each genotype, rinsed in phosphate-buffered saline, and 

weighed. Hearts were cut in a cross section just below the level of the papillary muscle. The 

top half of the heart was formalin fixed and embedded in paraffin. Sections (5 μm) were 

prepared at 200 μm intervals. The sections were stained with hematoxylin and eosin for 

examination of gross appearance, whereas Masson’s Trichrome or Periodic acid-Schiff 

counterstained with hematoxylin (PAS-H) was employed to facilitate quantification of 

fibrosis and cardiomyocyte size, respectively. Cardiomyocyte hypertrophy was assessed by 

measuring the cross-sectional area of 100 cardiomyocytes per PAS-H stained in 10 randomly 

selected fields having nearly circular capillary profiles and centered nuclei in the LV free 

wall. Cardiac fibrosis was determined by calculating the percentage of Masson’s Trichrome 

stained area of interstitial fibrosis per total area of cardiac tissue. Histological images were 

analyzed and blinded measurements made by 2 independent observers.

Peripheral blood was collected and cell viability determined by incubating cells with fixable 

single-color dyes for 30 min at room temperature. Only singlet cells were analyzed, all 

doublets were excluded from the analysis by monitoring the side scatter-forward scatter 

pulse width channel.

Deoxyribonucleic acid was extracted from recipient hearts, and the genotype determined 

using primers specific to the lacZ-neo gene construct used to generate TNCKO mice. 

Amplification with primers yielded a 1132 kb fragment for wild-type (WT) and an 800 kb 

fragment in TNCKO mice.
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Total ribonucleic acid (RNA) was extracted from the lower half of the LV using TRIzol. 

After DNAse treatment, 500 ng of total RNA were reverse transcribed and RNA primers for 

each gene were designed using the Primer3 software program. Gene expression was 

determined by quantitative polymerase chain reaction (qPCR). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as an internal control for the results presented here. 

There were no significant differences between genetic background or treatment in GAPDH 

expression levels. Fold change in expression was calculated using the 2−δδXρ method with 

results represented as mean fold changes relative to sham-operated or GAPDH expression. 

In the PCR studies, we show a representative experiment that has been done in triplicate 

with 3animals used for each PCR experiment.

Reciprocal Bone Marrow Transplantation

Reciprocal bone marrow transplantation (BMT) was performed essentially as described 

previously (23). Briefly, bone marrow was collected from the femurs and tibias of 6- to 7-

week-old male donor mice and injected into the tail vein of lethally-irradiated male 

recipients. Transplantation groups are as follows: 1) positive control, both the donor and 

recipient were wild-type mice (WT-WT); 2) negative control, both the donor and recipient 

were TNCKO mice (T-T); 3) wild-type mice were used as bone marrow donors and the 

recipients were TNCKO mice (WT-T); and 4) bone marrow donors were TNCKO mice and 

the recipient group were wild-type mice (T-WT). The engraftment of bone marrow was 

evaluated by qPCR using primers specific for the Y chromosome (23). The aortic 

constriction surgery was performed on recipient mice at 6 weeks post-BMT and cardiac 

function was assessed at 2 months post-TAC.

Angiotensin II Infusion

Animals were anesthetized with isoflurane in oxygen delivered by a precision vaporizer. 

When surgical levels of anesthesia were reached, a 1 to 23cm mid-scapular skin incision was 

made and a mini osmotic pump was inserted subcutaneously. The incision was closed using 

6-0 silk sutures. Animals from each genotype were randomly assigned to receive angiotensin 

II (AT II) (0.83μg/kg/min) or a vehicle control of saline. The pumps remained in for 28 days 

during which the animals were provided food and water ad libitum and observed for signs of 

morbidity. Prior to euthanization, echocardiographic analysis was performed and BP 

measurements were taken via a noninvasive cuff system for a minimum of 3 consecutive 

measurements.

Statistical Analysis

Statistical analysis was performed using Prism 4.0 (GraphPad Software, Inc., La Jolla, 

California). Statistical significance within genetic backgrounds was determined by using the 

2-tailed unpaired Student t test or nonparametric Mann-Whitney U test, whereas a 2-way 

analysis of variance or the Kruskal-Wallis test was used to determine statistical significance 

within treatment groups. All results were expressed as means ± SD and p value < 0.05 was 

considered statistically significant.
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Results

To determine whether mild pressure overload leads to the induction of TNC, we extracted 

RNA from the LV from WT mice before, 3 days, and 7 days after TAC, and the expression 

of TNC was quantified by qPCR. Mild pressure overload was found to induce TNC 

expression in the myocardium of WT control mice (Online Figure 1). Echocardiographic 

analysis was used to assess the LV geometry and function in WT and TNCKO mice at 

baseline and 2 months after the TAC procedure (Online Figure 2). Morbidity was similar 

between the 2 mouse genotypes as was their cardiac function at baseline (Table 1). However, 

all the parameters that define cardiac hypertrophy or remodeling (ejection fraction, fractional 

shortening, LV internal diameter, posterior wall thickness, and heart-to-body weight and 

ventricular mass-to-body weight ratios) were significantly exacerbated in TNC-deficient 

mice (Table 1). Similarly, the expression level of cardiac hypertrophy markers (atrial 

natriuretic and B-type peptides) were significantly higher in TNCKO mice compared to 

control mice (Online Figure 3).

To determine whether TNC deficiency influenced BP, we measured BP proximal to the 

constriction site in the 2 mice genotypes (Online Figure 4). Both groups were hypertensive 

at 1 and 2 months post-TAC compared with baseline, but with no significant difference in 

BP found for these 2 groups before and after TAC. Similarly, no significant differences in 

the heart rate were detected at baseline or after TAC in the 2 mice genotypes (not shown).

Hearts harvested 2 months after TAC clearly showed that TNCKO hearts were significantly 

larger with a thicker posterior wall compared to control hearts (Figure 1A). Analysis of the 

size of cardiomyocytes revealed that TNC deficiency had no effect on size at baseline (not 

shown). However, within the TAC groups, TNCKO hearts had a significantly increased size 

of cardiomyocytes (Figure 1B). Quantitative analysis of Masson’s Trichrome stained 

sections indicated that the absence of TNC significantly increased interstitial as well as 

perivascular fibrosis compared to controls (Figure 1C). Immunohistochemical analysis of the 

sections for the presence of microvessel density (von Willebrand factor) showed no 

significant difference in capillary density before and after TAC in the LVs of the 2 mice 

genotypes (not shown).

Effects of TNC Deficiency

The development of fibrosis is associated with activation of monocytes and macrophages 

(24,25). To determine monocyte infiltration, LV sections from the 2 mice genotypes were 

stained for presence of macrophages. Before TAC, there were no significant differences in 

the density of macrophages between the 2 genotypes (not shown). Within the TAC groups, 

TNC deficiency led to a rapid accumulation (within 3 days post-TAC) of a large number of 

monocytes and macrophages, which remained elevated for 7 days, declining thereafter 

(Figure 2A). Quantification showed that the level of infiltrating monocytes was markedly 

higher in TNCKO mice compared to WT at all timepoints (Figure 2B). In TNCKO mice, the 

level of cell infiltration did not change between days 3 and 7 post-TAC; however, at 30 days 

post-TAC, cell infiltration was significantly reduced (compared to 7 days post-TAC) (Figure 

2B). In WT mice, a significant accumulation of monocytes (p = 0.0001) was detected at 7 

days post-TAC compared with 3 days (Figure 2B). The infiltration level significantly 
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dropped at 30 days post-TAC. Staining of sections with anti-CD4 antibody showed few 

scattered CD4+ cells present in the LV of both mouse genotypes after TAC, and absence of 

TNC did not significantly influence the level of CD4+ cells (not shown).

To analyze the profile of monocyte/macrophage subsets in the LV of the 2 mice genotypes, 

LVs were harvested, weighed, digested with an enzyme cocktail, and the phenotype of 

monocytes and macrophages was determined by flow cytometry 7 days post-TAC. We used 

this early timepoint to identify the cell subsets that are most proximal to the initiating stimuli 

for cardiac hypertrophy and to minimize the contributions of operation-related events and 

phenomena secondary to the initial and essential cellular events that induce hypertrophy. 

(The strategy used for flow cytometry following LV digestion is shown in Online Figure 5).

Cumulative flow cytometry analyses of digested LVs from 5 mice per genotype showed that 

the frequency of neutrophil (CD45+, CD11b+, and Ly6G+) infiltration was low in the 2 mice 

genotypes before TAC and the level of cells did not significantly change at 7 days post-TAC 

(Figure 3). The level of monocytes and macrophages (CD45+, CD11b+, and Ly6G−) in the 

LV from the 2 mice genotypes were similar under basal conditions; however, the number of 

total monocytes and macrophages was significantly higher in the absence of TNC compared 

to the control (p = 0.001). Analysis of the monocyte/macrophage subtypes showed that the 

frequency of CCR2+ (p = 0.0004) and Ly6Chi (p = 0.001) subsets were significantly higher 

in TNC-deficient mice compared to control mice using one-way analysis of variance 

analysis (Figure 3). Similarly, significant differences in the total number of monocytes and 

macrophages as well as their subsets were detected when we used the Student t test to 

compare TNCKO and WT left ventricles. These results suggested that while TNC deficiency 

had no effect on the pool of resident macrophages under basal conditions, absence of this 

protein led to a significant LV accumulation of the CCR2+-Ly6Chi monocyte-macrophage 

subset in response to mild pressure overload.

Reciprocal BMT

In the TNCKO mouse, the heart develops normally and displays no obvious developmental 

defects (16–18). This occurs in the absence of compensation by other members of the 

tenascin family of proteins (16,26). In the adult heart, TNC is not expressed under basal 

conditions (18). Collectively these data suggest that TNC is not required for the development 

and normal function of the heart; yet, this protein is re-expressed in response to numerous 

cardiac injuries. It is thought that the re-expression of TNC exacerbates cardiac diseases 

(27,28); however, it is unclear why such negative activity of TNC on cardiac function was 

not observed during heart development and the heart of TNCKO mice function normally. We 

found that absence of TNC further impairs cardiac function and exacerbates inflammation 

and fibrosis, suggesting that TNC protects the myocardium against excessive remodeling. To 

determine the contribution of TNC to cardiac hypertrophy, we performed reciprocal BMT, 

where bone marrow from TNCKO mice was replaced with bone marrow from WT mice and 

vice versa, generating 2 chimeric mouse lines. The first chimeric group (T-WT, TNCKO 

donor to wild-type recipient) lacked the ability to express TNC in the bone marrow while 

cardiac cells remained competent to express TNC. The second chimeric group (WT-T, wild-

type donor to TNCKO recipient) lacked the ability to express TNC in cardiac cells, while the 
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bone marrow became competent to express the protein. Two types of controls were used to 

account for the effect of total body irradiation on cardiac function (29); the positive control 

group (WT-WT, WT donor and recipient) and the negative control group (T-T, TNCKO 

donor and recipient). Chimerism was established in all recipient groups 1 month after BMT 

and all mouse groups were subjected to TAC for 2 months, at which time cardiac function 

was evaluated. The hearts were harvested and analyzed by immunostaining.

Analysis of cardiac function (ejection fraction, fractional shortening, end-diastolic volume, 

and end-systolic volume) showed no significant difference among the recipient groups 

before TAC (Online Figure 6). This suggested that TNC is not required for normal heart 

function, consistent with other reports (16–18). Within the TAC control groups, cardiac 

function of the negative control was significantly lower than the positive control (Figure 4), 

suggesting that TNC expression has protective activity, consistent with the results shown in 

(Table 1). Among the chimeric groups, cardiac function of the WT-T group significantly 

improved compared to the negative control group, reaching levels similar to the positive 

control group. In contrast, cardiac function of the T-WT group declined, reaching levels 

similar to the negative control group (Figure 4). Thus, bone marrow from a WT donor fully 

rescued the phenotype (i.e., cardiac function) of a TNCKO recipient despite the lack of TNC 

expression in the myocardium (as discussed later). In contrast, bone marrow from a TNCKO 

donor led to deterioration in cardiac function of WT recipient mice despite their ability to 

express TNC. The results are summarized in Table 2.

Following functional analysis, hearts were harvested and their weight-to-body-weight and 

heart-volume-to-body-weight ratios were determined (Figures 5A and 5B). The results 

paralleled those of echocardiographic analysis of cardiac function described above; that is, 

the ratios significantly improved in the WT-T group, reaching levels like the positive control, 

while the ratios for the T-WT group worsened, reaching levels similar to the negative 

control.

The results of immunohistochemical analysis of sections from the harvested recipient LVs 

were consistent with these data. Analysis of collagen accumulation revealed that the T-T and 

T-WT groups had the highest level of collagen compared with to the WT-T and WT-WT 

groups (Figure 5C). When the sections were stained for the expression of periostin, a 

surrogate for fibroblasts, the accumulation of fibroblasts was higher among the T-T and T-

WT groups compared with the WT-T and WT-WT groups (Figure 5C).

Next, we determined the profile of TNC expression in the recipient LVs. Total RNA was 

isolated and TNC expression was analyzed by qPCR (Figure 5D). The 1,132 bp band, which 

is a surrogate for TNC expression, was not detectable in either TNCKO recipient group, 

suggesting that TNC is not expressed in the LV of these mice. In contrast, the 1,132 bp TNC 

band was detectable in the WT recipient groups, suggesting that the myocardium from these 

mice remained competent to express TNC after BMT. Additionally, these results suggested 

that the BMT did not alter the expression pattern of TNC in the myocardium of WT-

recipient mice. Collectively, these results demonstrated that TNC expression in the 

myocardium of the T-WT chimeric group did not lead to the improvement of cardiac 
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function and hypertrophy when compared to the WT-T group, which did not express TNC in 

the myocardium.

Angiotensin II Infusion

Recently, investigators demonstrated that infusion of AT II has no effect on cardiac 

hypertrophy but stimulates cardiac fibrosis in TNCKO mice (7). In contrast, using 

abdominal aortic constriction, we noted that TNC deficiency exacerbated both cardiac 

hypertrophy and fibrosis. To determine whether these divergent results were related to the 

differences in the methodology to induce pressure overload or to other factors, animals were 

infused with AT II (800 ng/kg/min) or saline for 28 days, then cardiac function and wall 

thickness were measured by echocardiography. Hearts were harvested, weighed, and 

processed for analysis. While parameters that define cardiac hypertrophy were elevated in 

the 2 mice genotypes in response to AT II infusion, TNC deficiency led to a progressive 

increase in diastolic posterior wall thickness and LV systolic dimension, and the percentage 

of LV fractional shortening decreased progressively at 4 weeks compared to the control 

(Table 3).

Analysis of the harvested hearts showed that while infusion of AT II resulted in a significant 

increase in the whole-heart-mass-to-body-weight ratio in the 2 mice genotypes, the lack of 

TNC significantly increased the ratios (p < 0.0001) (Figure 6A). We next examined the 

extent of cardiac histopathology in the 4 experimental groups. Sections from WT and 

TNCKO mice were examined for extent of fibrosis (collagen deposition) and fibroblast 

accumulation. Among the AT II-infused groups, we noted a significant increase in the level 

of collagen deposition in the absence of TNC compared to controls (Figures 6B and 6C). 

Immunostaining of sections for the presence of fibroblasts showed that the frequency of the 

fibroblasts was higher in the TNC-deficient mice compared to controls (Figure 6D). 

Collectively, these data suggested that TNC deficiency exacerbates cardiac hypertrophy 

induced by infusion of AT II.

Discussion

In this paper, we analyzed the role of TNC in cardiac hypertrophy in response to mild 

pressure overload using TNCKO and WT mice (Central Illustration). Echocardiographic 

analysis revealed that cardiac function of WT mice was similar to those of TNCKO mice, 

suggesting that TNC is not required for normal function of the heart. Induction of mild 

pressure overload induced cardiac hypertrophy in both mice genotypes; however, the effect 

was significantly exacerbated in TNCKO mice. In line with echocardiographic analysis, 

hearts harvested 2 months post-TAC from TNCKO mice were significantly larger with a 

thicker posterior wall compared to hearts harvested from control mice. Similarly, the size of 

cardiomyocytes was larger in TNCKO hearts compared to control hearts and cardiac fibrosis 

was also significantly higher in hearts harvested from TNCKO mice. Thus, all the 

parameters that define cardiac hypertrophy are exacerbated in TNCKO compared to WT 

mice.

Immunostaining of heart sections from the 2 mouse genotypes showed that while there was 

no difference in the level of resident macrophages under basal conditions, mild pressure 
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overload significantly impacted the infiltration of monocytes, especially in TNCKO mice. 

The infiltration of a large number of monocytes was detected as early as 3 days following 

TAC, remained high at 7 days, and significantly declined at 30 days post-TAC in TNCKO 

mice. For WT mice, a significant infiltration of monocytes was observed at 7 days following 

TAC, returning to basal control levels at 30 days post-TAC. In line with the immunostaining 

data, flow cytometry analysis of LVs digested from the 2 mice genotypes showed that large 

numbers of Ly6Chi monocytes infiltrated into the myocardium of TNCKO mice in response 

to mild pressure. Expression of Ly6Chi has been considered as a signature of monocytes in 

extravascular tissues (30), suggesting that the cells likely originated from external sources 

rather than proliferation of local macrophages found in the myocardium. Similarly, we noted 

that the infiltrating cells also express a high level of CCR2. The CCR2+-Ly6Chi monocyte 

possess a higher capacity to drive proinflammatory responses compared to other subsets 

(31,32), suggesting that lack of TNC increases the proinflammatory state of the myocardium 

in response to pressure overload compared to WT mice. Overall, TNC deficiency increased 

the proinflammatory state of the heart, leading to excessive remolding of the myocardium in 

response to mild pressure overload.

Both pro- and anti-inflammatory roles are reported for TNC. For example, TNC is thought 

to promote inflammation by acting as an endogenous activator of innate immunity (33) 

while others suggest that the rapid production of TNC in inflamed tissues is required to 

control the spread of inflammation (34). In support of the anti-inflammatory role of TNC, in 

vitro studies have shown that TNC production is induced by anti-inflammatory cytokines 

(35–37), TNC inhibits T cell activation (38), and myeloid cells fail to effectively migrate 

through a matrix barrier containing TNC (39). In vivo studies have demonstrated that TNC 

deficiency aggregated experimental dermatitis and nephritis (40,41). Furthermore, TNC was 

found to suppress the immune response in the brain by blocking T cell migration (42). 

Finally, increased numbers of monocytes and macrophages were found in the tumor stroma 

of spontaneously arising mammary tumors in the absence of TNC compared to TNC 

sufficient stroma (43). Our data supported the anti-inflammatory role for TNC in vivo.

The heart of a TNC-null mouse develops normally and displays no obvious developmental 

defects (16–18). In addition, other members of the tenascin family do not compensate for the 

absence of the TNC gene (16,26). In the adult heart, TNC is not expressed under basal 

conditions (18). Together, these data suggest that TNC is not required for either the 

development of the heart or its normal function; yet, this protein is re-expressed in the heart 

in response to a wide variety of cardiac injuries. Results of the reciprocal BMT indicated 

that expression of TNC in the heart is not relevant to its function. In the T-T group, cardiac 

function was significantly impaired compared to the WT-WT group, suggesting that global 

expression of TNC improves function of the pressure overloaded heart. Analysis of TNC 

expression in the WT-T group showed that while TNC is not expressed in the myocardium, 

all the parameters that define cardiac hypertrophy and fibrosis were improved compared to 

the negative control group (T-T). Conversely, despite expression of TNC in the heart of the 

T-WT group, cardiac hypertrophy deteriorated compared with the positive control group 

(WT-WT). Collectively, these results strongly demonstrated that TNC expression in the heart 

is irrelevant to its function in response to mild pressure overload. In addition, these results 

underscore the significant contribution of bone marrow to cardiac hypertrophy, in this case 
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the ability of bone marrow to express TNC. Other studies also highlighted the significant 

contribution of the bone marrow to cardiac hypertrophy. For example, lack of B7 ligands 

blunted hypertension in response to both AT II and deoxycorticosterone acetate salt 

challenges, and transplantation of bone marrow to these animals restores their BP elevation 

(44). This and other studies (45–47), together with our data, point to the pivotal role of bone 

marrow in the development of cardiac hypertrophy.

The role of TNC in cardiac pathologies is poorly defined. We used abdominal aortic 

constriction and AT II infusion approaches to induce mild pressure overload and both 

methodologies led to a similar conclusion: TNC protects the myocardium against excessive 

remodeling in response to pressure overload. In contrast, infusion of AT II in TNCKO mice 

was reported to attenuate cardiac fibrosis without having any effect on cardiac hypertrophy 

(7). Given the intimate connection between fibrosis and cardiac hypertrophy (48–50), it 

remains unclear why cardiac hypertrophy was unaffected while fibrosis was attenuated in 

TNCKO mice. While the reason for the inconsistency between our results and the published 

data is unknown, differences in the methodologies to induce pressure overload most likely 

do not account for the discrepancy. We speculate that differences in the genetic background 

of the TNCKO mouse might in part contribute to this inconsistency. In our study, TNCKO 

mice were established in the C57BL/6 background versus the BALB/c background of 

TNCKO mice used in reported cases of cardiac disease (7,51–54). The genetic background 

plays a key role in cardiac pathologies. For example, unlike other strains of mice, C57BL/6 

mice develop rapid LV dilation (55,56), and infarct rupture is more frequent in C57BL/6 

mice compared to BALB/c mice (57). In addition, C57BL/6 mice are more prone to the 

development of atherosclerosis compared to BALB/c mice (58,59). These differences in 

cardiac pathologies may, in part, be related to the immune response among different mouse 

strains. For instance, BALB/c mice predominantly exhibit Th2 responses whereas C57BL/6 

mice display Th1 dominant responses to the same antigen (60,61). Also, the innate immune 

response is highly influenced by the genetic background of the mouse (62). Given the 

importance of proinflammatory signaling in cardiac pathologies and LV remodeling (63–65), 

mouse strains with the impaired Th1/M1 immune response (e.g., BALB/c) may not be a 

suitable animal model to study cardiovascular diseases.

Study Limitations

Although this study was performed using C57BL/6 mouse which displays the dominant 

Th1/M1 response, the results cannot be extended to other strains of mice with the dominant 

Th2/M2 response.

Conclusions

This study added clarification to the confusing and seemingly contradictory information 

concerning the role of TNC in the remodeling of cardiac tissue. We found that TNC 

deficiency led to the deterioration and excessive remodeling of the LV in response to mild 

pressure overload. This deterioration was associated with increased fibrosis and infiltration 

of proinflammatory monocyte subsets into the myocardium. Reciprocal BMT studies 

showed that lack of TNC expression in the bone marrow, but not in the myocardium, is 
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responsible for the deterioration of cardiac function in TNCKO mice. The transient nature of 

TNC re-expression, together with our data, suggest that lack of TNC activity during tissue 

regeneration and/or remodeling might have repercussions associated with the exacerbation 

of cardiac pathology.

METHODS

All surgical procedures described were performed in accordance with the National Institute 

of Health standards and approved by the Institutional Animal Care and Use Committee of 

Cedars-Sinai Medical Center.

Briefly, we used C57BL/6 (wild-type) mice (The Jackson Laboratory, Bar Harbor, Maine) as 

well as TNCKO mice (in the C57BL/6 background) from established colonies at Cedars-

Sinai as previously described (19). Sex- and age-matched animals were used for all 

experiments. For experiments described in this publication adult male mice (11 to 12 weeks 

old) were used. At this age, developmental growth of the heart is complete. The weight of 

each mouse at this age ranged between 25 and 30 g. The number of mice used in each study 

is described in the tables and figure legends.

The mice groups were randomly selected for transverse aortic constriction (TAC) surgery, 

which is generally performed by placing a band on either the ascending, transverse, or 

descending portion of the aorta depending on study design (20,21). Constriction of the 

ascending aorta provides an extreme and more rapid overload on the left ventricle (LV), 

whereas abdominal aorta constriction is milder and leaves intact a larger portion of the 

circulation as a means of possible compensation (20,21). Abdominal aortic constriction 

allowed us to produce mild pressure overload compared to the widely used ascending aortic 

banding. All baseline data were collected before TAC. The surgical procedure was 

performed essentially as previously described (22) on anesthetized male mice (11 to 12 

weeks old). were anesthetized with Ketamine-Xylazine by intraperitoneal injection. The 

abdomen was opened and the abdominal aorta at the suprarenal level was freed of the 

surrounding adventitial adipose tissue by careful dissection. The aorta was constricted by 

9-0 silk sutures that were placed around the aorta and a 28 g needle was placed between the 

celiac and superior mesenteric arteries followed by a double surgeon’s knot that secured the 

suture around the aorta and needle. The needle was removed resulting in a 33% narrowing of 

the luminal diameter (23). At the indicated times after constriction, cardiac function and 

blood pressure (BP) were measured. The mice were euthanized and their tissues harvested 

for further analysis.

MEASUREMENT AND ANALYSIS

Transthoracic echocardiography was performed on anesthetized animals, by isoflurane (2% 

induction and 1.5% maintenance). Two-dimensional short and long-axis images of the left 

ventricle were obtained at the papillary muscle level. The following parameters were 

measured: ejection fraction (EF); fractional shortening (FS); LV internal diameter diastolic 

(LVIDd); LV internal diameter systolic (LVIDs); posterior wall thickness diastolic (PWTd); 

and posterior wall thickness systolic (PWTs). Three consecutive cardiac cycles were 

Song et al. Page 11

J Am Coll Cardiol. Author manuscript; available in PMC 2018 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed and the average was used for data analysis. The time points were selected for 

echocardiographic studies: pre-TAC (baseline); 1 month; and 2 months post-TAC.

Blood pressure (BP) was measured using a tail cuff CODA 6 system. Thoracic BP proximal 

to the constricted site was calculated by adding tail BP to the Doppler-derived BP gradient 

across the constriction. Multiple recordings were performed to obtain the average data.

After weighing mice, hearts were dissected at the indicated times post-TAC or sham-

operated surgery from mice of each genotype, rinsed in phosphate-buffered saline, and 

weighed. Hearts were cut in a cross section just below the level of the papillary muscle. The 

top half of the heart was formalin fixed and embedded in paraffin. Sections (5 μm) were 

prepared at 200 μm intervals. The sections were stained with hematoxylin and eosin for 

examination of gross appearance, whereas Masson’s Trichrome or Periodic acid-Schiff 

counterstained with hematoxylin (PAS-H) was employed to facilitate quantification of 

fibrosis and cardiomyocyte size, respectively. Cardiomyocyte hypertrophy was assessed by 

measuring the cross-sectional area of 100 cardiomyocytes per PAS-H stained in 10 randomly 

selected fields having nearly circular capillary profiles and centered nuclei in the LV free 

wall. Cardiac fibrosis was determined by calculating the percentage of Masson’s Trichrome 

stained area of interstitial fibrosis per total area of cardiac tissue. Inflammatory cells were 

detected by using rat anti-mouse monoclonal immunoglobulin G (IgG) macrophage/

monocyte marker (Mac-2; CEDARLANE, Burlington, Canada) followed by biotinylated 

rabbit anti-rat IgG with visualization using the ABC Elite Kit (Vector Laboratories, 

Burlingame, California). Positively stained cells per cross section were manually counted in 

3 sections per heart. Endothelial cells were stained with the rabbit anti-Von Willebrand 

Factor antibody (Dako North America, Carpinteria, California), and fibroblasts were stained 

with the goat anti-periostin antibody (Santa Cruz Biotechnology, Dallas, Texas). Histologic 

images were analyzed by ImagePro version 4.1 and blinded measurements made by 2 

independent observers.

Peripheral blood was collected by retro-orbital venous sinus sampling using heparin-coated 

tubes. Erythrocytes were lysed using a red blood cell lysis buffer. Hearts were extensively 

flushed with phosphate-buffered saline and then LVs were excised, minced with scissors, 

and digested in collagenase I (450 U/ml), collagenase XI (125 U/ml), DNase I (60 U/ml), 

and hyaluronidase (60 U/ml) at 37°C for 1 h. LVs were subsequently filtered through a 40-

μm cell strainer.and cell viability determined by incubating cells with fixable single-color 

dyes for 30 min at room temperature. After 1 rinse with washing buffer, cells were incubated 

with CD16/32 antibody (Biolegend, San Diego, California) at 4°C for 15 min to block 

nonspecific binding. Cells were then labeled with the following rat anti-mouse antibodies 

(Biolegend): PE-labeled anti-CD45, PE-Cy7 labeled anti-CD11b, Brilliant Violet 421 

labeled anti-F4/80, and PerCP-Cy5.5 labeled anti-Ly6G. Cells were also labeled with the 

Alexa Fluor 700 labeled anti-Ly6C (BD Biosciences, San Diego, California) and APC 

labeled anti-CCR2 (R&D Systems, Inc., Minneapolis, Minnesota). Cells were washed twice, 

resuspended in staining buffer, and immediately recorded with Becton Dickinson LSR 

Fortessa (BD Biosciences) at the Flow Cytometry Core of Cedars-Sinai Medical Center. 

Data were analyzed with Summit V4.3.Only singlet cells were analyzed, all doublets were 
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excluded from the analysis by monitoring the side scatter-forward scatter pulse width 

channel.

Deoxyribonucleic acid was extracted from recipient hearts using DNeasy Blood & Tissue 

Kit (Qiagen Science Inc., Germantown, Maryland), and the genotype determined using 

primers specific to the lacZ/neo gene construct used to generate TNCKO mice. 

Amplification with primers yielded a 1132 kb fragment for wild-type (WT) and an 800 kb 

fragment in TNCKO mice.

Total ribonucleic acid (RNA) was extracted from the lower half of the LV using TRIzol. 

After DNAse treatment, 500 ng of total RNA were reverse transcribed using the High-

Capacity cDNA Archive Kit (Applied Biosystems) and RNA primers for each gene were 

designed using the Primer3 software program. Gene expression was determined by 

quantitative polymerase chain reaction (qPCR). using SsoFast EvaGreen Supermix (Bio-Rad 

Laboratories, Hercules, California). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as an internal control for the results presented here. There were no significant 

differences between genetic background or treatment in GAPDH expression levels. 

Reactions were run on a iQ5 machine (BioRad) with analysis software. Threshold cycles 

were determined by an in-program algorithm assigning a fluorescence baseline based on 

readings before exponential amplification. Fold change in expression was calculated using 

the 2−δδXρ method with results represented as mean fold changes relative to sham-operated 

or GAPDH expression. In the PCR studies, we show a representative experiment that has 

been done in triplicate with 3animals used for each PCR experiment.

RECIPROCAL BONE MARROW TRANSPLANTATION

Reciprocal bone marrow transplantation (BMT) was performed essentially as described 

previously (24). Briefly, bone marrow was collected from the femurs and tibias of 6- to 7-

week-old male donor mice and injected into the tail vein of lethally-irradiated male 

recipients. Transplantation groups are as follows: 1) positive control, both the donor and 

recipient were wild-type mice (WT-WT); 2) negative control, both the donor and recipient 

were TNCKO mice (T-T); 3) wild-type mice were used as bone marrow donors and the 

recipients were TNCKO mice (WT-T); and 4) bone marrow donors were TNCKO mice and 

the recipient group were wild-type mice (T-WT). The engraftment of bone marrow was 

evaluated by qPCR using primers specific for the Y chromosome (24). The aortic 

constriction surgery was performed on recipient mice at 6 weeks post-BMT and cardiac 

function was assessed at 2 months post-TAC.

ANGIOTENSIN II INFUSION

Animals were anesthetized with isoflurane in oxygen delivered by a precision vaporizer. 

When surgical levels of anesthesia were reached, a 1 to 23cm mid-scapular skin incision was 

made and a mini osmotic pump was inserted subcutaneously. The incision was closed using 

6-0 silk sutures. Animals from each genotype were randomly assigned to receive angiotensin 

II (AT II) (0.83μg/kg/min) or a vehicle control of saline. The pumps remained in for 28 days 

during which the animals were provided food and water ad libitum and observed for signs of 

morbidity. Prior to euthanization, echocardiographic analysis was performed and BP 
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measurements were taken via a noninvasive cuff system for a minimum of 3 consecutive 

measurements.

STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 4.0 (GraphPad Software, Inc., La Jolla, 

California). Statistical significance within genetic backgrounds was determined by using the 

2-tailed unpaired Student t test or non-parametric Mann-Whitney U test, whereas a 2-way 

analysis of variance or the Kruskal-Wallis test was used to determine statistical significance 

within treatment groups. All results were expressed as means ± SD and p value < 0.05 was 

considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS AND ACRONYMS

AT II angiotensin II

LVH left ventricular hypertrophy

PCR polymerase chain reaction

qPCR quantitative PCR

TAC transverse aortic constriction

TNC tenascin-C

TNCKO tenascin-C knockout

WT wild type
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Perspectives

COMPETENCY IN MEDICAL KNOWLEDGE

Recent studies have suggested that inflammation and fibrosis play an important role in 

contributing to maladaptive LV remodeling from pressure overload. This 

proinflammatory-profibrotic response might be favorably modulated by genes such as 

TNC, especially TNC expressed in bone marrow-derived cells.

TRANSLATIONAL OUTLOOK

Heart failure is a serious and common clinical problem. Maladaptive LV remodeling 

plays a role in the genesis of heart failure. Modulating inflammatory and profibrotic 

myocardial response by TNC has the potential to lead to novel anti-inflammatory 

interventions against heart failure.
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Figure 1. Effect of TNC Deficiency on Cardiac Hypertrophy
(A) Representative photographs of whole hearts harvested from the 2 mice genotypes 

demonstrated major differences in the heart size and posterior wall thickness at 2 months 

after surgery. (B) Representative histology of Periodic acid-Schiff counterstained with 
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hematoxylin-stained cardiac sections from the left ventricular (LV) septal wall of wild-type 

(WT) and tenascin-C knockout (TNCKO) mice at baseline (BL), 1 month, and 2 months 

post-transverse aortic constriction (TAC). In general, cardiomyocyte size was increased in 

TAC mice relative to BL. Within the TAC treatment group, the LV from TNCKO mice had 

the greatest increase in cardiomyocyte area compared to WT mice. Cardiomyocyte area is 

represented as mean ± SE. (C) In representative photomicrographs of heart sections stained 

with Masson Trichrome, (magnifications: 10X [left] and 40X [right]), there was no 

detectable fibrosis at BL between the 2 mice genotypes, but there was a significant 

difference in fibrosis within the TAC groups. Each cardiac section (in % interstitial 

fibrosis/mm2) is represented as means ± SE.
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Figure 2. Leukocyte Infiltration
(A) Representative Mac-2 staining of sections from the LV of TNCKO and WT mice 

subjected to TAC show infiltration elevation and decline at 3, 7, and 30 days. (B) At each 

post-TAC timepoint, TNCKO mice had significantly higher levels of infiltration. 

Abbreviations as in Figure 1.
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Figure 3. Proinflammatory Monocyte Infiltration
While frequency of neutrophil (CD45+, CD11b+, and Ly6G+) infiltration was low in both 2 

mice genotypes before TAC and 7 days post-TAC, TNC deficiency produced significantly 

greater infiltration of monocytes and macrophages post-TAC. ANOVA = analysis of 

variance; other abbreviations as in Figure 1.
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Figure 4. Bone Marrow Expression of TNC
Bone marrows were harvested from WT or TNCKO (T) donor mice and transplanted into T 

or WT recipient mice. In an analysis of cardiac functions, the transplantation of WT marrow 

significantly improved function while transplantation from TNCKO donors led to 

significantly worsening function. The number in each column = number of mice in each 

group. Abbreviations as in Figure 1.
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Figure 5. Analysis of the Harvested Recipient Heart
There were significant differences in the ratios of (A) heart weight (HW) to body weight 

(BW) and (B) heart volume (V) to BW among the bone marrow transplant groups. (C) As 

seen in immunostaining of recipient hearts, those with TNCKO donor marrow had high 

levels of collagen content (upper panels) and accumulation of fibroblasts (lower panels). (D) 

Genotyping of recipient hearts showed that the TNC transgene was not detectable in the 

TNCKO recipients but was in WT recipients. Other abbreviations as in Figures 1 and 4.
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Figure 6. Effect of TNC Deficiency on AT II-induced Cardiac Hypertrophy
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Infusion with angiotensin (AT) II (A) significantly increased HW-BW ratios but more so in 

TNCKO mice. As seen via immunostaining (B), AT II infusion also increased collagen 

deposits in TNCKO compared to WT controls (C). (D) Similar results were seen in 

fibroblast frequency in peritostin-stained sections of TNCKO and WT hearts. Other 

abbreviations as in Figures 1 and 5.
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Central Illustration. Effect of TNC on Pressure Overload-induced Cardiac Remodeling
We investigated the effect of tenascin-C (TNC) deficiency on pressure overload-induced 

cardiac remodeling. TNC deficiency exacerbated cardiac hypertrophy and maladaptive 

remodeling compared to controls, by increasing the infiltration of proinflammatory 

monocyte subsets into the myocardium. This suggests that TNC controls excessive 

remodeling of the myocardium in the pressure-overloaded heart. Reciprocal bone marrow 

transplantation studies revealed that the expression of TNC in the bone marrow, but not 

myocardium, accounts for TNC’s protective effect. LV = left ventricle; EF = ejection 

fraction.
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Table 2

Reciprocal Bone Marrow Transplantation

Mouse groups TNC Expression: Heart TNC Expression: Bone Marrow Cardiac Function*

T-WT Positive Negative Lower

WT-T Negative Positive Higher

WT-WT Positive Positive Higher

T-T Negative Negative Lower

*
Lower means function deteriorated and higher means it improved. The cardiac function of the positive control group (W-W) was compared to the 

negative control group (T-T) and vice versa, while the cardiac function of other recipient groups was compared to the similar recipient control 
group.

T = tenascin-C knockout; TNC = tenascin-C; WT = wild-type.
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Table 3

AT II Effect on Echocardiographic Assessments and Heart Mass Ratios

Wild-type TNCKO

Saline Vehicle AT II Saline Vehicle AT II

Number 5 9 5 9

Heart rate, beats/min 440 ± 28 426 ± 36 435 ± 18 449 ± 55

EF, % 66.6 ± 1.9 52 ± 2.5† 67.8 ± 1.6 42.8 ± 7.3*†

FS, % 36.1 ± 1.5 26.3 ± 1.6† 37.1 ± 1 20.9 ± 4*†

LVIDd, mm 3.57 ± 0.12 3.96 ± 0.23† 3.5 ± 0.28 4.08 ± 0.33*†

LVIDs, mm 2.28 ± 0.04 2.92 ± 0.16† 2.2 ± 0.18 3.23 ± 0.38*†

PWTd, mm 0.6 ± 0.07 0.77 ± 0.03† 0.64 ± 0.03 0.85 ± 0.08*†

PWTs, mm 0.92 ± 0.07 1.05 ± 0.04† 0.88 ± 0.07 1.15 ± 0.09*†

HW-BW, mg/g 4.06 ± 0.24 4.78 ± 0.4† 4.02 ± 0.21 5.26 ± 0.46*†

Values are mean ± SD.

*
Significant difference between TNCKO and wild-type mice.

†
Significant difference between angiotensin (AT) II treatment and saline control group.

Other abbreviations as in Table 1.
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