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Medial deterioration leading to thoracic aortic aneurysms arises from multiple causes, chief among them mutations to the gene that encodes fibrillin-1 and leads to Marfan syndrome. Fibrillin-1 microfibrils associate with elastin to form elastic fibers, which are essential structural, functional, and instructional components of the normal aortic wall. Compromised elastic fibers adversely impact overall structural integrity and alter smooth muscle cell phenotype. Despite significant progress in characterizing clinical, histopathological, and mechanical aspects of fibrillin-1 related aortopathies, a direct correlation between the progression of microstructural defects and the associated mechanical properties that dictate aortic functionality remains wanting. In this paper, age-matched wild-type, Fbn1C1041G/+, and Fbn1mgR/mgR mouse models were selected to represent three stages of increasing severity of the Marfan aortic phenotype. Ex vivo multiphoton imaging and biaxial mechanical testing of the ascending and descending thoracic aorta under physiological loading conditions demonstrated that elastic fiber defects, collagen fiber remodeling, and cell reorganization increase with increasing dilatation. Three-dimensional microstructural characterization further revealed radial patterns of medial degeneration that become more uniform with increasing dilatation while correlating strongly with increased circumferential material stiffness and decreased elastic energy storage, both of which comprise aortic functionality.
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INTRODUCTION

Fibrillin-1 is an elastin-associated glycoprotein that plays important structural and instructional roles within the aortic wall (1), among other tissues. In particular, fibrillin-1 appears to contribute significantly to the long-term stability of elastic fibers (2), which have a half-life on the order of decades (3), and to endow the aortic wall with much of its resilience (4); it also regulates the bioavailability of transforming growth factor-beta (TGFβ) by sequestering latent TGFβ binding proteins within the extracellular matrix (5). TGFβ similarly plays many important roles in aortic biology, including stimulating matrix turnover (6) and modulating the actomyosin activity that contributes to mechano-sensing and mechano-regulation of the extracellular matrix (7). Multiple mouse models of fibrillin-1 deficiency have been used to study roles of this key glycoprotein on aortic structure, function, and disease progression. Among others, Ramirez and colleagues compared geometric, microstructural, and mechanical metrics in mice haploinsufficient for either elastin (Eln+/−) or fibrillin-1 (Fbn1+/−) and found both differential and complementary roles of these two key components of elastic fibers (8). Faury and colleagues reported, using a mouse model that expresses about 60% of normal fibrillin-1 (Fbn1mgΔ/+), that compromised fibrillin-1 leads to a progressive phenotype characterized by disrupted elastic lamellae, increased inter-lamellar distances, dispersed collagen fibers, and an overall aortic dilatation and stiffening (9). In neither case, however, was there a direct correlation between the microstructural defects and detailed metrics of the mechanical properties.

The importance of understanding roles of fibrillin-1 in aortic biology and mechanics is underscored further by the development of proximal aortic aneurysms, dissections, and rupture in Marfan syndrome, which results from mutations to the gene (FBN1) that encodes fibrillin-1 (10). Two particular mouse models have found considerable utility in studying the aortic phenotype in Marfan syndrome: the hypomorphic Fbn1mgR/mgR mouse (expressing ~15% of the normal fibrillin-1) (2), which presents a severe Marfan-like phenotype including dilatation and rupture early in maturity, and the Fbn1C1041G/+ knock-in mouse (mimicking a specific human mutation) (11), which experiences a less-severe, slowly developing phenotype over the first year of life. Again, however, a correlation of the progressive deterioration of the aortic wall and the associated biomechanical properties that dictate aortic functionality has remained wanting. The two-fold goal of this work is to present detailed microstructural analyses of the aortic wall as a function of dilatation in the Fbn1C1041G/+ (a.k.a. Fbn1C1039G/+, but denoted herein as C1041G) and Fbn1mgR/mgR (denoted herein as mgR) mouse models and to correlate the altered microstructural metrics with biaxial characterizations of wall properties.



RESULTS

Microstructural deterioration associates with increasing diameter. It has long been known that mutations to the gene that encodes fibrillin-1 results in compromised elastic fiber integrity, most often observed as breaks in or fragments of the elastic lamellae in standard histology. Effects on collagen fibers are also noted frequently, though also descriptively. Representative images of adventitial and medial collagen fibers (second harmonic generation) and multiple layers of elastic fibers (two-photon fluorescence) through the entire depth of the ascending aortic wall for one representative wild-type (WT) control and nine Marfan mice of the same post-natal age (~P60) are compared in Figure 1, each while maintained ex vivo under diastolic biaxial loading conditions. When the Marfan aortas are ordered by increasing diameter (left-to-right in Figure 1), it is evident that defects to collagen and especially elastic fibers tend to increase with increasing aortic dilatation, and that defects to the elastic fibers initially tend to be greater within the inner layers of the media but to extend to outer layers with increasing dilatation, presenting in all cases as voids rather than simple linear breaks. Similar microstructures were observed for the descending thoracic aorta, which exhibits a milder phenotype in both mouse models (Supplementary Figure 1A). Also see Supplementary Figure 1B for an enlarged view of the elastic lamellar architecture in all three genotypes and both regions.
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FIGURE 1. Mosaic of images from multiphoton microscopy of the ascending thoracic aorta (ATA) from 10 representative mice: one of the five wild-type (WT) controls plus four of the seven Fbn1C1041G/+ (C1041G) and five of the six Fbn1mgR/mgR (mgR) Marfan mice that were imaged. Note that the images were collected ex vivo under in vivo relevant diastolic conditions, namely, at an 80 mmHg distending pressure and specimen-specific in vivo value of axial stretch. From top-to-bottom, adventitial then medial fibrillar collagen (red, via second harmonic generation) and four equally spaced medial elastin volumes (gray, two-photon fluorescence images), the latter with superimposed cell nuclei (blue). These representative images are ordered from left-to-right by increasing aortic diameter in the nine Marfan mice. Note the strong tendency of increased elastic fiber damage as a function of increasing dilatation and from the inner to outer medial layers. See Supplementary Figure 1A for similar results for three representative descending thoracic aortas, one per genotype. See also Supplementary Figure 1B for medial images without superimposed cell nuclei.


Given that the intra-lamellar and inter-lamellar organization of elastic fibers creates a sponge-like microstructure (12), we quantified these voids in terms of elastin porosity in three-dimensions (volume of medial elastic fiber voids/total enclosed elastic fiber volume). Figure 2 shows medial-to-adventitial ratios (panels 2A,E), layer-specific (intimal, medial, and adventitial) cell densities (2B,C,F), elastin porosity (2G), and two collagen characteristics (2D,H), all as a function of genotype for the ascending aorta. Importantly, there was a progressive increase in elastin porosity and decrease in smooth muscle cell density from WT to C1041G to mgR aortas. Only the mgR aortas, which exhibited greater dilatation, showed a significant reduction in endothelial cell density and increase in adventitial cell density relative to WT. The descending thoracic aorta exhibited similar histological features as the ascending aorta, though again with less severe changes (Supplementary Figure 2). Only endothelial cell density exhibited a slightly different trend in the two regions; it decreased gradually from WT to C1041G to mgR in the descending segment (Supplementary Figure 2B), while it was preserved in the ascending aorta of the C1041G but reduced in the mgR mice (Figure 2B). Both Marfan models tended to have straighter and thinner adventitial fiber bundles in the ascending (Figures 2D,H) and descending (Supplementary Figures 2D,H) segments, with altered orientations revealed by differences in both the preferred direction and degree of dispersion (Figures 3A,B,D,E). Along with their reduced density, the circumferential alignment of the smooth muscle cells decreased from WT to C1041G to mgR in the ascending but not the descending segment (Figures 3C,F), suggesting possible cell reorientation or morphological alteration with more severe disease.
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FIGURE 2. Multiple microstructural metrics for the ascending thoracic aorta (ATA) plotted as a function of genotype: WT (n = 5), C1041G (n = 7), and mgR (n = 6). Included are (A) medial and adventitial thicknesses, and (E) their ratio, plus layer-specific densities of (B) endothelial cells, (C) smooth muscle cells, and (F) adventitial cells based on cell nuclei and associated areas or volumes as well as (G) elastin porosity and (D,H) two measures of collagen fiber structure (straightness and fiber bundle width, respectively). Of particular note, smooth muscle cell density decreased while elastin porosity increased with increasing aortic diameter, that is, from WT to C1041G to mgR. Data are shown as mean ± SEM, with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. See Supplementary Figure 2 for similar results for the descending thoracic aorta.
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FIGURE 3. Quantification of in-plane orientation distributions of (A,D) adventitial and (B,E) medial collagen and similarly (C,F) medial smooth muscle cell nuclei under in vivo relevant diastolic conditions for the ascending (ATA, top row) and descending (DTA, bottom row) thoracic aorta for all three genotypes: WT (n = 5), C1041G (n = 7), and mgR (n = 6). In particular the polar plots indicate the mean primary orientations (radial dotted lines) and dispersion about the mean (radial narrowness or spread) of each genotype, each relative to the axial (horizontal) and circumferential (vertical) directions. The loaded collagen fibers were oriented primarily in the axial direction in the adventitia and in circumferential/diagonal directions in the media. Smooth muscle nuclei were oriented nearly circumferentially, with a gradual and dramatic increase in orientation dispersion by genotype (mgR > C1041G > WT) in the ATA but not in the DTA. Data are shown as average in-plane orientation distribution (solid line) and alignment SEM (shadow area), with **p < 0.01 for both primary orientation and alignment.


Mechanical changes associate with Marfan severity. Eight associated geometric and mechanical metrics were computed for both the ascending and descending thoracic aorta under ex vivo simulated diastolic biaxial loading conditions for all three genotypes (Figures 4A–H); similar results under systolic loading are provided in Supplementary Material (Supplementary Figures 3A–H). Again, results trended similarly for the two thoracic aortic segments, but were less severe in the descending aorta. Focusing on the ascending aorta, luminal enlargement (Figure 4A), wall thickening (Figure 4E), and axial stretch reduction (Figure 4F) were each more severe in the mgR mice relative to C1041G and WT mice. Most importantly, however, there was a progressive increase in circumferential material stiffness (Figure 4C) and decrease in elastic energy storage (Figure 4D) from WT to C1041G to mgR mice, again less severe in the descending segment. Distensibility, an important clinical metric of structural stiffness also decreased significantly in the descending aorta and especially so in the ascending segment from WT to C1041G to mgR mice (Figure 4H). Similar results for biaxial wall stress as well as the associated non-linear stress-stretch behaviors are reported in Supplementary Figures 4A–F for both regions. See also Supplementary Table 1 for values (mean ± SEM) of each metric by genotype, many of which were calculated using best-fit values of the material parameters in the non linear constitutive relation (Supplementary Tables 2, 3; see also Methods).
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FIGURE 4. Multiple geometric and mechanical metrics derived from computer-controlled biaxial testing of passive ascending thoracic (ATA) and descending thoracic (DTA) aortas and calculated under diastolic conditions (80 mmHg and specimen-specific axial stretches) for all three genotypes: WT (n = 6), C1041G (n = 7), and mgR (n = 6). See Supplementary Figure 3 for similar calculations under systolic conditions, noting that the microstructural information in Figures 1–3 is for diastolic conditions. Note the similar trends for the two aortic segments, though more severe in the ascending aorta. In particular, there was a marked increase in (A) diameter and (E) wall thickness, a marked decrease in (F) axial stretch and (D) energy storage, and a marked increase in (C) circumferential material stiffness in the ascending aorta from WT to C1041G to mgR mice, that is, with increasing dilatation (recall Figure 1). See, too, results for axial (B) stretch and (G) stiffness plus (H) overall distensibility. Data are shown as mean ± SEM, with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. See Supplementary Figure 4 for similar results for wall stress.


Motivated by the qualitative observations of the microstructure as a function of the diameter as seen in Figure 1, each of these key mechanical metrics were then plotted as a function of aortic diameter normalized to mean wild-type diameter, independent of genotype (Figures 5A–H). The results show that changes in most mechanical metrics correlated well with increasing dilatation in the ascending aorta, particularly for increases in circumferential material stiffness (Figure 5C) and decreases in elastic energy storage (Figure 5D). These relationships are generally dominated by the large spread in diameter within the mgR group, whereas WT and C1041G are more similar in diameter. The descending thoracic aorta shows similar correlative results, again with the less severe phenotype evident by the lower correlations, if any (Supplementary Figures 5A–H).
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FIGURE 5. Plots of specimen-specific (n = 6 WT, n = 7 C1041G, n = 6 mgR) geometric and mechanical metrics vs. specimen-specific diameter for the ascending aorta, all calculated at in vivo relevant diastolic conditions of 80 mmHg and specimen-specific axial stretch. The data were fit by linear regression, with the best-fit line and 95% confidence intervals (solid and dotted lines, respectively) shown when the slope either was non-zero or showed a nearly significant trend. Note the particularly strong positive correlations for (E) increasing wall thickness and (C) increasing circumferential material stiffness. Note that all other results (A, D, F–H) except for (B) circumferential stretch were significant at p < 0.05. Similar results for the descending thoracic aorta are shown in Supplementary Figure 5.


Structure-function correlations highlight the detrimental role of increasing elastin porosity. Given that mechanical properties result from the underlying microstructure, recall from Figure 2G the significant increase in elastin porosity from WT to C1041G to mgR ascending aortas. When plotting key specimen-specific geometric and mechanical metrics vs. elastin porosity, strong correlations emerged for most metrics for the ascending aorta (Figures 6A–H), but particularly so for increasing diameter (6A) and circumferential material stiffness (6C) as well as decreasing energy storage (6D). That is, these correlations are even stronger than those with normalized diameter, suggesting that the progressive medial deterioration reflected by the increasing elastin porosity going from WT to C1039G to mgR appears to dictate the increasing degree of mechanical dysfunction. Supplementary Figures 6A–H shows similar results for the descending thoracic aorta. In addition, decreases in endothelial cell density correlated strongly with increasing diameter, suggesting the proliferation did not keep pace with expanding luminal surface (Supplementary Figure 7). Finally, the progressive decrease in smooth muscle density and their altered alignment correlated with increasing elastin porosity (Figures 6I,J) and the dissipation of elastic energy revealed during cyclic pressure-loading similarly increased with both increasing normalized diameter (Supplementary Figures 8A,C) and increasing elastin porosity (Supplementary Figures 8B,D). These associations between morphological properties of the smooth muscle cells and the matrix constituents in which the cells are embedded motivated a further analysis of mechanical metrics vs. smooth muscle characteristics. Correlations between normalized diameter, circumferential stiffness, and stored elastic energy and smooth muscle alignment emerged for the ascending aortas (Supplementary Figures 9A–H). Although correlations also emerged when plotting mechanical metrics vs. other microstructural measures, including amount (cf. Figure 2) or orientation (cf. Figure 3), the complexity of the cellular (phenotype, orientation, and density) and collagen (type, orientation, undulation, and cross-linking) contributions to wall integrity renders it difficult to discern the most relevant or direct combinations of structural or functional characteristics.
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FIGURE 6. Plots of specimen-specific (n = 6 WT, n = 7 C1041G, n = 6 mgR) geometric and mechanical metrics for the ascending thoracic aorta (ATA) vs. specimen-specific elastin porosity, all calculated at in vivo relevant diastolic conditions of 80 mmHg and specimen-specific axial stretch. The data were fit by linear regression, with the best-fit line and 95% confidence intervals (solid and dotted lines, respectively) shown when the slope was either non-zero or showed a nearly significant trend. Recall that elastin porosity was shown in Figure 2G to increase dramatically by genotype (mgR > C1041G > WT). Notwithstanding the strong correlation between increasing diameter and elastin porosity (A), note that most correlations here, (C–J, though not B) are even stronger than those in terms of diameter seen in Figure 5. Similar results for the descending thoracic aorta are shown in Supplementary Figure 6 while correlations for energy dissipation for both the ascending and descending thoracic aorta, which were also very strong, are shown in Supplementary Figure 8.




DISCUSSION

Standard histology remains the mainstay of microstructural assessments of the aortic wall (13), and such studies consistently reveal fragmentation or loss of elastic lamellar structures within the medial layer in Marfan syndrome. Given the importance of fibrillin-1 to the structural integrity of the elastic fibers within these lamellar structures, it is not surprising that biomechanical properties of the aorta were also measured early on in multiple mouse studies. For example, Atkinson and colleagues reported increases in central pulse wave velocity, a measure of structural stiffening of the aortic wall, in Fbn1mgR/mgR mice relative to WT. Using the Moens-Korteweg equation, they also inferred an increased circumferential material stiffness despite similar values of wall stress in this Marfan model (14). Van Breeman and colleagues used uniaxial ring tests to assess the mechanical properties of the aorta in the Fbn1C1041G/+ mouse. There are many limitations to uniaxial tests, but a lower failure stress in the aneurysmal aorta emerged in this mouse model relative to WT (15). More recently, Lessner and colleagues reported age- and sex-dependent differences in the ascending aorta in the Fbn1C1041G/+ mouse, including metrics based on multiphoton microscopy and uniaxial ring tests and a correlation between a so-called low-stretch stiffness and elastin breaks (16). Importantly, Sheppard and colleagues showed nicely in Fbn1mgR/mgR mice that diminishing in vivo wall strain correlates strongly with breaks in the elastic lamellae, imaged via auto-fluorescence in histological sections (17). In vivo wall strain can thus be considered as a biomarker. In no case, however, has such correlation included biaxial mechanical metrics, which are particularly important for the ascending aorta since it experiences both distension and extension with every beat of the heart (18).

Notwithstanding the utility of standard histological assessments of fixed cross-sections of the aorta, modern imaging methods—microCT, multiphoton microscopy, and synchrotron imaging—provide many potential advantages, including the ability to image non-fixed vessels under in vivo relevant loading conditions. Vande Geest and colleagues reported both multiphoton-based findings and mechanical data for the descending thoracic aorta in Fbn1C1041G/+ mice. They found extensive disruptions to the elastic lamellar structures as well as decreased adventitial collagen waviness, which they attempted to relate to altered mechanical properties that, unfortunately, were analyzed incorrectly in terms of a slope of a non-conjugate Cauchy stress—Green strain plot (19). Van Breemen and colleagues reported similar disruptions to the elastic lamellar structures (20) while Tilton and colleagues showed that gaping holes exist in the elastic microstructure in the Fbn1mgR/mgR aorta while the adventitial collagen displays a more dispersed appearance with straightened and thinner fibers (21). Also using multiphoton microscopy, Egea and colleagues showed further that the density and size of the lamellar fenestrations are greater in Fbn1C1041G/+ mice than in WT, particularly in the more proximal aorta (22). Using microCT they also showed intra-lamellar thickening in the presence of breaks in the elastic fibers, with holes within the lamellar structure increasing with age up to 9 months in Fbn1C1041G/+ mice (23). Our microstructural findings are consistent with these many reports. Notwithstanding the structural insights gleaned from these prior studies, again none attempted any detailed microstructural—mechanical correlations.

By contrast, we used multiple cyclic pressure-diameter and axial force-length testing protocols to subject each excised aorta to a broad range of physiologically relevant biaxial deformations and then computed and compared two key geometrical and eight mechanical metrics derived from a validated non linear constitutive relation: inner radius and wall thickness, circumferential and axial stretch, circumferential and axial wall stress, circumferential and axial material stiffness, elastically stored energy, and overall distensibility, all calculated at multiple physiological pressures and specimen-specific axial stretches. Of particular note, increased circumferential material stiffness has been shown to correlate well with aneurysmal propensity and presence (24) and decreased elastic energy storage has been found to track severity in elastopathies (25). Amongst the multiple metrics, we found increasing circumferential material stiffness to correlate most strongly with both increasing diameter and increasing elastin porosity with particularly strong correlations for decreasing energy storage emerging as well. Increased stiffness likely reflects both the loss of collagen undulation due to the loss of elastic fibers (26) that are pre-stretched during development and somatic growth and that continually seek to recoil in maturity (27) as well as adverse remodeling resulting from compromised cellular mechano-sensing or mechano-regulation of matrix (7). Noting that the energetically preferred extensibility (axial stretch) was reduced significantly in the ascending aorta of the Marfan mice, loss of energy storage similarly results from the stiffening of the wall that reduces biaxial deformations experienced by remaining competent elastic fibers as well as directly from the loss of elastic fibers.

Zhang and colleagues reported a detailed correlation, in the porcine thoracic aorta, between acute elastase-induced degradation of aortic elastin and results from biaxial mechanical testing. They found a transition between an increased distensibility and extensibility following mild elastin degradation and a marked decrease in distensibility and extensibility following complete degradation (28). These data, and others, reveal the importance not only of the contribution of competent elastic fibers to arterial properties, but also an intimate connection between elastic and collagen fibers, the latter of which stiffen the wall dramatically when straightened (26). Nevertheless, these acute studies could not account for the inevitable in vivo remodeling of collagen as elastic fibers degrade. Using a model of abdominal aortic aneurysms that combines acute elastase application with chronic beta-aminopropionitrile (BAPN) exposure, we found that progressive aortic enlargement following an initial insult to elastic fibers results in large part from rapid collagen turnover, noting that the new collagen need not have normal undulation due in part to the loss of pre-stretched elastic fibers (29). Our current findings did not quantify collagen turnover, but revealed marked re-organization within the media and especially in the adventitia, suggestive of increased turnover (Figure 3). We suggest, therefore, that the variable dilatation in these age-matched mice (Figure 1, left-to-right) may reflect a “pseudo-time” associated with progressive mural deterioration and luminal enlargement not balanced by smooth muscle and endothelial cell proliferation. Indeed, the correlation of smooth muscle loss with increasing elastin porosity is consistent with progressive anoikis, that is, apoptosis resulting from loss of cell-matrix connections. Regardless, these findings suggest that rates of matrix and cell turnover likely differ from mouse-to-mouse given that all vessels were excised at ~P60. It also appears that the elastic lamellar structure begins to deteriorate first within the inner media, then toward the outer media. Interestingly, Zhang and colleagues showed that the inner lamellar layers tend to be wavier than outer layers in the common carotid artery at sub-physiological distending pressures, resulting in the uniform stretching of the different layers under physiological pressures up to 120 mmHg (30), consistent with theoretical models (31). Preferential early micro-damage within the inner wall may thus depend in part on the more complex geometry and loading of the ascending aorta, which merits further consideration (32).

Although we emphasized changes in the ascending aorta, which are particularly important in Marfan syndrome, similar findings emerged for the descending thoracic aorta, though less dramatic. These findings are consistent with expectations based on prior comparisons of regional differences in elastic fiber deterioration (33) and wall mechanics (34) along the length of the Fbn1mgR/mgR aorta. Of clinical importance, longitudinal studies in patients have revealed that the descending thoracic aorta presents with increasing aortopathy following surgical repair of the proximal aorta in Marfan patients (35). Although it is not known whether this increased risk arises because of changes in hemodynamic loading on the descending thoracic aorta following the surgical implantation of a stiff synthetic proximal graft or simply whether surgical extension of life-span allows a longer period for the descending segment to deteriorate, the importance of studying the descending aorta is nevertheless clear. Indeed, in some ways, these data may provide a comparative snapshot into early disease progression, particularly noting that most findings were qualitatively similar in the descending and ascending segments of the thoracic aorta, just quantitatively different, consistent with the hypothesis that continued deterioration would result in more dramatic changes not unlike that seen in the ascending aorta when comparing results for the milder C1041G and more severe mgR phenotypes.

Inasmuch as drug efficacy can depend on the age at initiation, as, for example, post-natal day P16 vs. P45 in mgR mice (36), there is a pressing need to quantify changes in microstructure and mechanics in these Marfan models as a function of maturation, noting that the aorta matures biomechanically by about P56 (37), which is one reason for our choice of P60. Most prior studies that included aging compared results in increasingly older (e.g., 3, 6, 9, and 12 months old) adult mice [e.g., (15, 16)], not developing mice. Another need is to correlate local rather than bulk changes in microstructure with local mechanical properties, which is now possible with advanced imaging methods (32) though not used herein. Indeed, with continuing advances in single cell RNA-sequencing and spatial-omics, there is also a need to co-localize gene expression, histological features, and material properties as a function of maturation and aging. Nonetheless, our correlations of bulk mechanical properties and microstructure relate better to that which is currently available clinically, namely, measures of distensibility based on changes in diameter over a cardiac cycle.

In conclusion, we emphasize that all segments of the aorta are exposed to cyclic biaxial loading, but especially the ascending aorta that distends and extends with each beat of the heart. This complex biaxial loading may contribute to the earlier onset of disease in the ascending segment, notwithstanding the potential role of smooth muscle embryonic lineage (38). If biaxial loading applied over extended periods is a key driver, then subsequent disease in other aortic segments should be expected when the ascending segment is repaired, that is, despite different embryonic cell origins, noting that smooth muscle cells of the carotid artery have a similar embryonic origin as many in the ascending aorta and yet the carotid typically does dilate in Marfan syndrome and it exhibits a mild biomechanical phenotype (39). Regardless, cyclic biaxial tests are necessary to quantify and compare the biomechanical properties of all aortic segments. The present data reveal strong correlations between compromised biaxial properties and progressive deterioration of elastic fibers within the enlarging Marfan aorta, with associated collagen remodeling insufficient in many cases to arrest continuing dilatation or expected rupture. Consistent with prior findings of multiphoton microscopy, the elastic fibers are not merely fragmented, they are grossly absent in local regions, thus giving the appearance of gaping holes quantified as well as an increased elastin porosity. Such holes may create intramural stress concentrations, which in turn could increase dissection or rupture risk (40), and via anoikis could contribute to medial cell drop out (41), which was demonstrated herein. This increased elastin porosity also correlated strongly with decreased elastic energy storage, that is aortic function, as well as increased circumferential material stiffness, likely due both to the loss of elastic-collagen fiber interactions (26) and compromised mechano-sensing and mechano-regulation of matrix (7). Increased stiffness can adversely affect the hemodynamics, including increased pulse wave velocities and thus increased central pulse pressures that further drive the aortic deterioration in an insidious positive feedback loop.



MATERIALS AND METHODS


Animal Models

All animal procedures were approved by the Institutional Animal Care and Use Committee of Yale University. A total of 19 male mice, n = 6 wild-type control (C57BL/6J denoted WT, from Jax Mice), n = 7 Fbn1C1041G/+ (denoted C1041G, from Jax Mice), and n = 6 Fbn1mgR/mgR (denoted mgR, derived from breeding pairs from Mt. Sinai Ichan School of Medicine) were euthanized by an intraperitoneal injection of Beuthanasia-D (150 mg/kg) at 8–9 weeks of age (~P60). This age was chosen to allow early disease development in C1041G mice (mild phenotype) without having an excessively low survival rate in mgR mice (severe phenotype), which at P60 approached 30%. Both the ascending thoracic aorta (ATA), from the aortic root to the brachiocephalic trunk, and the descending thoracic aorta (DTA), between the first and fourth pairs of intercostal branches, were excised carefully to preserve any branches for subsequent ligation. Loose peri-adventitial tissue was removed by blunt dissection and the samples were placed within a custom, computer-controlled device for mechanical testing and microstructural assessment.



Microstructural Assessment

Multiphoton microscopy was performed while the specimen was immersed in a Hanks buffered saline solution (HBSS) at room temperature to minimize smooth muscle contraction, then secured on custom glass cannulae, and held at its specimen-specific axial stretch but a common intraluminal pressure of 80 mmHg. The microscope (LaVision Biotec TriMScope) was powered by a Titanium-Sapphire laser (Chameleon Vision II, Coherent) tuned at 840 nm and equipped with a 20X water immersion objective lens (N.A. 0.95). Signals from three major components of the aortic wall were acquired simultaneously: the second harmonic generation (SHG) signal arising from fibrillar collagens (390–425 nm), two-photon excited fluorescence (TPF) from elastin (500–550 nm), and a fluorescent signal of cell nuclei (above 550 nm). Three-dimensional (3D) images were acquired with an in-plane (axial-circumferential) field of view of 500 μm × 500 μm at a consistent anatomical location. The acquired volume always corresponded to the center of the outer curvature in the case of the ATA and to the center of the ventral region between the second and third pair of intercostal arteries in the case of the DTA. Numerical imaging resolution was 0.48 μm/pixel, while the out-of-plane (radial axis) step size was 1 μm/pixel. Each image was acquired and pre-processed as previously described (42).

Layer-specific thickness was quantified by measuring the mean intensity profiles along the radial direction for 25 subunits of volume uniformly distributed across the axial-circumferential plane of the 3D images. The internal and external limits of the wall were identified as the limit for cell nuclei and limit for adventitial collagen, respectively, by automatically selecting the radial positions beyond which the area under the two tails of the normalized intensity profile corresponded to defined thresholds. The interface between adventitia and media was defined as the radial position of the maximum derivative of the intensity profile of the nucleus signal between the radial position of the maximum of the collagen intensity profile and the inner limit of the wall.

New here, within the radial range of the media, elastin porosity was quantified as the ratio between the volume identified as voids and the volume occupied by elastic fibers. For this purpose, the previously measured mean intensity profile of the elastin signal was used to radially exclude the interlamellar spaces by removing from the quantification the radial planes identified as local minima and their ±1 μm neighbor radial planes. An adaptive 3D filter (43) was applied to the remaining volume to reduce possible inhomogeneities due to local waviness of the elastic lamellae, the image was binarized using the automatic local Phansalkar thresholding method (44), and the volume of the identified voids was quantified as a black-to-white ratio.

Collagen fiber bundle characterization focused on in-plane parameters: straightness, bundle width, primary orientation, and alignment. Straightness was computed as the ratio of end-to-end to total fiber length for 25 fibers, automatically selected at each fixed depth for each image; bundle width (transversal section in the axial-circumferential plane) was measured directly; the in-plane primary orientation and alignment were estimated via a distribution of orientations for each circumferential-axial section using a 2D structure tensor analysis, OrientationJ plug-in for ImageJ. This distribution was averaged along the radial direction and normalized. Distributions were parameterized with a Von Mises circular probability density function F(θ∣μ, κ) = exp(κcos(θ−μ))/2πI0(κ), where μ is the primary orientation, I0 a modified Bessel function, and κ the alignment parameter, a measure of concentration that quantifies fiber alignment at the tissue level. The resulting functions are displayed in polar coordinates, where the radial dimension indicates the normalized orientation distribution.

Three cell groups were considered based on characteristic shapes of their nuclei and radial location: endothelial (monolayer on intima), smooth muscle (within the media), and cells within the adventitia. Medial and adventitial cell density was calculated as the number of cells per unit volume by counting the number of nuclei within defined sub-volumes of the 3D image and normalizing by the appropriate sample-specific thickness. A semi-automatic algorithm selected multiple subunits of volume (100 μm × 100 μm x local layer-specific thickness, n = 25) for each 3D image, with conversion to binary form by filtering and thresholding. Luminal cell density was computed as number of cells per surface area and normalized by 0.01 mm2; medial and adventitial cell numbers were normalized by 0.001 mm3, each to allow consistent comparisons. Additional details can be found elsewhere (42).

We show together in Figure 1 and Supplementary Figure 1A the results from all three channels, namely the collagen fibers from SHG (red), the elastic fibers from TPF (gray), and the cell nuclei (blue), though overlaying the cell nuclei tends to mask in part the detail available for the matrix (cf. Supplementary Figure 1B) that was otherwise quantified well as presented in Figures 2, 3, and Supplementary Figure 2.



Mechanical Testing

Arteries are subjected to complex multiaxial loading in vivo, with the primary directions of loading being circumferential and axial. Cyclic pressure-diameter and axial force-length tests on cylindrical segments of excised arteries are thus preferred for quantifying in vivo relevant mechanical properties (45). All passive biaxial mechanical testing and data analyses were performed using validated methods (24, 46). Briefly, excised aortic segments were cannulated and immersed in a HBSS solution at room temperature (to minimize smooth muscle contraction), preconditioned via cyclic pressurization while held at their energetically preferred (in vivo) axial stretch, [image: image], then subjected to a sequence of seven biaxial protocols: cyclic pressurization tests from 10 to 140 mmHg at three fixed axial stretches ([image: image] and ± 5% of this value) and cyclic axial loading tests from 0 to fmax at four fixed luminal pressures (10, 60, 100, 140 mmHg), where fmax (in mN) was the specimen-specific value reached at a pressure of 140 mmHg and 1.05 [image: image]. The unloading portions of the last cycle of all seven pressure-diameter and axial force-length tests were fit simultaneously with a validated four-fiber family constitutive model using a Marquardt-Levenberg non linear regression of the data. Using data during unloading reveals the elastic energy stored during deformation that would be available to work on the distending fluid, noting that the primary function of conduit arteries such as the aorta is to store energy elastically during systolic distension and to use this energy during diastole to work on the blood and augment flow. By contrast, energy dissipation is computed via the difference in the loading and unloading curves. The four-fiber family constitutive relation is written in terms of a scalar pseudoelastic stored energy function W, namely

[image: image]

where the eight model parameters to be determined via regression are c (kPa), [image: image] (kPa), and [image: image] (-), with i = 1, 2, 3, 4 denoting the four predominant fiber family directions. IC = tr(C) and [image: image] are coordinate invariant measures of the finite deformation, with the right Cauchy-Green tensor C = FTF computed from the experimentally measured deformation gradient tensor F = diag[λr, λθ, λz], with detF = 1 because of assumed incompressibility. The direction of the ith family of fibers was prescribed by [image: image], with [image: image] denoting a fiber angle relative to the axial direction in the traction-free reference configuration. Because of the yet unknown effects of cross-links amongst the multiple families of fibers, the four predominant families were: axial ([image: image]), circumferential ([image: image]), and symmetric diagonal ([image: image]). Values of mean biaxial wall stress and material stiffness were computed from the stored energy function and calculated at individually measured values of blood pressure or a common pressure.



Statistics

All grouped mechanical and microstructural metrics are presented as means ± SEM. Statistical analyses among experimental groups were performed using one-way analysis of variance (ANOVA), followed by Tukey's post-doc tests in case of statistical significance. A p-value below 0.05 was considered statistically significant. Correlation between different metrics was carried out computing the Pearson correlation coefficient, the square root of the coefficient of determination R2. Graphs were created using Graphpad Prism 9.0.
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