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Abstract

Tissue engineering of vascular elastin matrices disrupted by mechanical injury, disease, or congenitally absent, is among other factors,
limited by the lack of suitable cell scaffolds to up-regulate and guide innately poor elastin synthesis by adult vascular smooth muscle cells
(SMCs). Evidence suggests that scaffolds based on hyaluronan (HA), a glycosaminoglycan, may be useful to elicit elastogenic cell
responses, although these effects appear to be dictated by HA fragment size and/or dose. This study investigates the efficacy of a simple,
frequently adopted exogenous HA supplementation model to test this hypothesis. Rat aortic SMCs were cultured with HA (2 x 10° Da
(HMW)>MW <2.2 x 10*Da) supplemented at doses between 0.2 and 200 pg/ml. Cell layers were biochemically assayed for DNA,
elastin and collagen content. Fragmented, but not high molecular weight (HMW) HA, stimulated cell proliferation in inverse correlation
fragment size while the opposite effect was observed for synthesis of soluble and matrix elastin; almost no dose effects were observed
within any group. SDS-Page/Western Blot and a desmosine assay semi-quantitatively confirmed the observed biochemical trends for
tropoelastin and matrix elastin, respectively. Quantitative differences in elastin deposition were mirrored in TEM micrographs. Elastin
was mostly deposited in the form of amorphous clumps but fibers were increasingly present in cell layers cultured with HMW HA. HA
and its fragments did not disrupt normal fibrillin-mediated mechanisms of elastin matrix deposition. While the current outcomes confirm
that the effects of HA on elastin synthesis are fragment size-specific, this study shows that an exogenous supplementation model does not
necessarily simulate cellular matrix synthesis responses to HA-based biomaterial scaffolds.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Elastin is a critical structural protein distributed in the
extracellular matrix of connective tissues (e.g., blood
vessels, oesophagus, skin) that need to stretch and retract
following mechanical loading and release [1]. In vascular
tissues, smooth muscle cells (SMCs) synthesize elastin as a
soluble monomer (tropoelastin), which is then post-
translationally stabilized by cross-linking into an insoluble,
structural matrix that forms 30-50% of dry tissue weight
[2]. Vascular elastin is organized into bundles (lamellae)
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that provide the necessary compliance to absorb and
transmit hemodynamic forces [3], and permit vessel
retraction to original dimensions after load release. At
the cellular level, elastin also mechano-transduces SMC
behavior [4] through binding to cell surface elastin—laminin
receptors [5], and critically regulates vascular SMC activity
during morphogenesis [6] and disease [7]. Thus, degrada-
tion of vascular elastin due to mechanical injury [8], as an
etiological outcome of non-inherited diseases like athero-
sclerosis, or proliferative conditions such as aneurysms [9],
or its congenital absence or deformation, can severely
compromise vascular homeostasis. The replacement or
preservation of elastin matrices is thus a high priority.
Previous attempts at preserving or regenerating elastin
structures have focused on delivery of MMP inhibitors,
and elastogenesis within synthetic [10] or tissue-engineered
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grafts [11] deployed in situ at the vascular injury/disease
site. However, elastin synthesis is severely deficient within
vascular grafts [12], likely due to progressive destabilization
of tropoelastin mRNA expression in adult cells [13]. As
an alternative, synthetic elastomers (e.g. polyhydroxyalk-
anoates, polyglycolic acid) [14,15], or elastin matrices
isolated from xenogeneic (e.g., porcine) [16] or allogeneic
(e.g., cadeveric, umbilical) [17] blood vessels have been
used. While synthetic elastomers reinstate mechanical but
not elastin-derived cell signaling mechanisms, elastin
allografts and xenografts are limited, respectively by short
supply of cadaveric tissues and the insuffiency of current
chemical processing methods to completely extract im-
mune-reactive donor-cells and contaminating epitopes/
globular proteins, essential to prevent immune rejection
[18] and calcification [19] in the host. Assembly of
elastomers from polypeptide precursors [20,21] and fabri-
cation of synthetic scaffolds designed to provide elasto-
genic cues are other popular strategies [22]. In this regard
however, the use of natural ECM-based scaffolds is
preferable due to their greater likelihood of evoking native
integrin-ECM interactions and preserving native cell
phenotype [23]. Accordingly, successful up-regulation of
elastin synthesis and it’s organization into mature elastic
tissue is crucially contingent on the selection of an
appropriate scaffold material from among a sub-set of
ECM molecules shown to actively facilitate elastogenesis
in vivo.

Glycosaminoglycans (GAGs), a component of the ECM
may be appropriate in this regard. In particular, hyalur-
onan (HA), a GAG has been implicated to play an indirect
role in elastogenesis through its intimate binding of
versican [24], which in turn interacts with microfibrillar
proteins (fibulin-1, 2) and elastin-associated proteins to
form higher-order macromolecular structures important
elastic fiber assembly [25]. Other studies suggest that GAGs
coacervate soluble tropoelastin molecules on their highly
anionic surfaces, facilitating their lysyl oxidase (LOX)-
mediated cross-linking into an insoluble matrix [26]. HA
and other GAGs are also known to elastin fibers against
elastase degradation [27]. These findings encourage the
utility of HA biomaterials as elastogenic scaffolds.
Suggestably, fragmented HA induces -elastogenic re-
sponses, although native long-chain HA likely also plays
a role in facilitating matrix deposition [28,29]. Although
the biologic effects of HA are somewhat specific to cell
type, these observations generally agree with previous
reports that HA fragments, particularly oligos, interact
more with cells [30]. Since HA fragments elicit inflamma-
tory cell responses [31], HA scaffold design must necessa-
rily follow an investigation into the fragment size and dose
specific effects of HA on desired (e.g., elastogenic) and
undesired (e.g., inflammatory) cell responses. To broadly
assess the former aspect, here, we adopt a simple
exogenous HA supplementation model to assess HA size
and dose-specific differences in cellular responses with
regard to matrix synthesis.

2. Materials and methods

The impact of exogenous bolus of HA of defined fragment sizes and
doses on matrix synthesis by adult rat aortic SMCs (RASMCs) was
studied over a period of 21 days. Control cell layers were cultured in
absence of HA.

2.1. Preparation of HA bolus

Solutions of HA were prepared at stock concentrations of 1000, 100, 10
and 1 pg/5Sml (effective concentrations of 200, 20, 2 and 0.2 pg/ml) and
diluted 1:5 v/v in serum-rich DMEM:F12 medium (Invitrogen, Grand
Island, NY). HA, procured as sodium hyaluronate salt (NaHA) contain-
ing average fragment sizes of 2 x 10°Da (Genzyme Biosurgery, Cam-
bridge, MA), 2x10°Da (Genzyme), and 2x10°Da (Lifecore
Technologies, Chaska, MN), designated as high molecular weight
(HMW), low molecular weight (LMW), and very low molecular weight
(VLMW) HA, respectively, was dissolved in sterile serum-free culture
medium (48 h, 4 °C), and filter-sterilized prior to addition to cell cultures.

2.2. Cell culture

Low passage (6-8) adult rat SMCs (Cell Applications, San Diego, CA)
were selected for study due to their relatively lower levels of tropoelastin
production compared to neonatal cells, thus of greater relevance to
targeted regeneration of elastin in adult blood vessels. Stock cells were
trypsinized (0.25% trypsin/0.1% (v/v) EDTA; Invitrogen), pelletted by
centrifugation (500g, 7 min), resuspended in DMEM: F12 containing 10%
(v/v) FBS and 1% (v/v) penicillin-streptomycin and seeded onto wells in a
6-well vacuum-plasma-treated polystyrene tissue culture plate (Becton
Dickinson Labware, Franklin Lakes, NJ; Culture area = 10 sz) at a
count of 10° cells/10 cm>. After overnight incubation, cells were cultured in
the respective HA stock solution diluted in (1:5 v/v) serum-rich medium.
Control cultures received HA-free DMEM: F12. All experimental trials
and controls were performed in triplicate. Spent medium containing
dissolved HA, was replaced twice weekly during the duration of culture,
pooled and analyzed at the end of the 21 day culture period. Cells were
also cultured in 4-well sterile chamber slides (Nalgene Nunc International,
Rochester, NY) at a count of 10%cells/2.4 cm?. At 21 days, these cell layers
were immunolabeled for detection of elastin and collagen in the matrix.

2.3. DNA assay for cell proliferation

The DNA content of the cell layers was used to assess the proliferation
of SMC:s in culture. The measured amounts of synthesized matrix were
also normalized to the DNA content to provide a reliable basis of
comparison between samples, and to broadly assess if the observed
increases (if any) in the amount of matrix synthesized could possibly be
due to increased levels of transcription. Broadly, cell layers at 1 and 21
days of culture were trypsinized, pelleted, resuspended in 1 ml of NaCl/Pi
buffer (4M NaCl, 50mM Na,HPO,, 2mM EDTA, 0.02% (w/v) Na
Azide, and pH 7.4), and a 100-ul aliquot assayed. The DNA in the
sonicated aliquot was measured using the fluorometric method described
by Labarca and Paigen [32]. Actual cell counts were then calculated on the
basis of 6pg DNA/cell, assuming this amount remained unchanged
through the period of culture.

2.4. Biochemical analysis of the extracellular matrix

2.4.1. Hydroxy-proline (OH-Pro) assay for collagen

The collagen content of cell layers was estimated from their measured
OH-Pro content as described previously [33]. For the OH-Pro assay,
frozen 4ml aliquots containing the homogenized 3-week-old cell layers
were thawed, centrifuged at 500g to isolate cell pellets (P1), which were
then dried to a constant weight and digested with 1 ml of 0.1 N NaOH (1 h,
98 °C). The digestate was then centrifuged (2000g, 15min) to isolate a
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mass of insoluble, crosslinked elastin (P2). The supernatant (S1) contain-
ing solubilized collagen and immature matrix elastin was neutralized with
an equal volume of 12N HCI, and divided into two equal volumetric
halves. One half-volume was hydrolyzed at 110 °C for 16h, and dried in a
constant stream of N, gas over 3h. Aliquots (20 ul) of the reconstituted
residue were assayed. The measured amounts of OH-Pro were corrected to
account for the 4% (w/w) of OH-Pro contained in solubilized elastin
present in the reconstituted sample (S2; see Section 2.4.2). Finally, total
amount of matrix-derived collagen was calculated on the basis of the
13.2% OH-Pro content of collagen [33].

2.4.2. Fastin assay for elastin

The fastin assay was used to quantify the total amount of elastin matrix
within cell layers, and that released into the culture medium in a soluble
form (tropoelastin). Elastin derived from the 21 day-old cell layers was
assumed to be one of two types, namely, insufficiently cross-linked type
digestable in alkali, and contained in fraction (S1), or of the mature,
mostly highly cross-linked type contained in the insoluble pelleted fraction
(P2). Since the fastin assay (Accurate Scientific and Chemical Corpora-
tion, Westbury, NY), quantifies only soluble a-clastin, the insoluble
elastin was first reduced to a soluble form before subjecting to the assay.
To do this, the elastin pellet (P2) was dried to a constant weight,
solubilized with three cycles of treatment with 0.25 N oxalic acid (1 h/cycle,
95°C), and the pooled digests then filtered in microcentrifuge tubes fitted
with LMW cut-off membranes (10,000 Da). The insufficiently cross-
linked, soluble elastin fraction retained in the oxalic acid-free fraction
(S3) and in the water-reconstituted hydrolysate (S2) were also quantified
using the fastin assay. Spent fractions of media were pooled at biweekly
intervals over the 3 weeks culture, lyophilized and assayed for tropoelastin
using the fastin assay, as previously described [28]. The weight of insoluble
elastin, was then compared to that determined by weighing the dry elastin
pellet (P2), to affirm low/no loss of elastin material during matrix
processing.

2.4.3. SDS-PAGE and Western Blot analysis for tropoelastin

SDS-PAGE and Western Blot were performed to selectively and semi-
quantitatively confirm the observed biochemical trends with respect to
soluble tropoelastin production by cells into the culture media [34]. Pooled
aliquots of spent medium collected from atop cell layers after 21 days of
culture were lyophilized, assayed for total protein content using a DC
protein assay kit (Biorad Corporation, Hercules, CA) as described
previously [35]. Sample amounts optimized based on their protein content
were then subject to SDS-PAGE and Western Blot. The test cultures
subject to Western Blot analyses were selected such as to selectively confirm
the previously observed HA fragment size and dose-related trends in
tropoelastin synthesis. Briefly, these cell layers were cultured in presence of
LMW HA; 0.2 pg/ml (designated as L1), LMW HA; 2 pg/ml (L2), LMW
HA; 20pg/ml (L3), LMW HA; 200pg/ml (L4), VLMW HA; 2pg/ml
(VL1), VLMW HA; 200 pg/ml (VL2), HMW HA; 2pg/ml (H1), and
HMW HA; 200 pg/ml (H2).

2.4.4. SDS PAGE/Western Blot

Optimized sample amounts were mixed with a gel electrophoresis
loading buffer (2% (w/v) SDS, 62mm Tris, 10% (v/v) glycerol, 600 mm
dithiothreitol, 30 pg/ml of Bromophenol blue at pH 7.0, the mixture boiled
(100 °C, 3min), then cooled (Smin, 4°C) and flash-centrifuged (500g,
2 min) to reduce condensation prior to loading onto an electrophoresis gel.
Samples were loaded onto 10% (w/v) Polyacrylamide gels (Novex Tris-
Glycine gels, Invitrogen Corporation, Carlsbad, CA), with pre-stained
protein standards ranging from 10-190kDa (Benchmark Pre-stained
Protein Ladder, Invitrogen) and western blot standards ranging from 20 to
220kDa (MagicMark XP Western Protein Standards, Invitrogen).
Electrophoresis was carried out for 2h at a constant voltage of 125V,
until the dye front touched the bottom of the gel. Proteins entrapped
within the gel were transferred to a prewetted PVDF hydrophobic
membrane (Immobilon-P membrane; Millipore Corporation, Billerica,
MA; 2h, 25V) immersed overnight in blocking buffer (5% (w/v) non-fat

dry milk (Bio-Rad) solubilized in 0.05% (v/v) Tween 20-PBS) and
developed using Western Breeze (Chromogenic western blot immunode-
tection kit, Invitrogen). The primary antibody used for incubation
was a polyclonal antibody to elastin (Elastin Products Company,
Owensville, MO). Protein bands were visualized and quantified using
a Chemi-Imager IS 4400 system (Alpha Innotech, San Leandro, CA).
The integrated density value of individual bands corresponds to the
amount of tropoelastin in the loaded samples. Thus, the total amount of
tropoelastin in the loaded samples was quantified on the basis of a total
pixel intensity of 255 that was assigned to totally white and a pixel
intensity of zero assigned to completely dark bands. Individual band
intensities were then normalized to the corresponding DNA content of the
same samples and were finally compared as band intensity on per ng of
DNA basis.

2.4.5. Desmosine assay for detection of cross-linked elastin

Since desmosine cross-links are unique to stabilized matrix elastin [36],
the determination of desmosine levels in the cell-matrix layers is expected
to correlate with the amounts of cross-linked elastin and serve as an
indirect confirmation of the earlier observed biochemical trends (see
Section 2.4.2). Test cell layers subject to the desmosine assay were cultured
for 3 weeks with supplements of LMW HA; 0.2 pg/ml (designated as L1),
LMW HA; 2 pg/ml (L2), LMW HA; 20 pg/ml (L3), LMW HA; 200 pg/ml
(L4), VLMW HA; 2 pg/ml (VL1), VLMW HA; 200 ng/ml (VL2), HMW
HA; 2 pg/ml (H1), HMW HA; 200 pg/ml, or no HA supplements (control;
ctl). Desmosine content was assayed by an ELISA method [37]. Briefly,
cell layers were scraped off, resuspended in 1 ml of 5% (v/v) trichloroacetic
acid and centrifuged (30009, 10min, 4°C). The pellet formed was
digested with collagenase type VII (Sigma-Aldrich; 12h, 37°C) and re-
centrifuged (3000g, 10 min, 4 °C) to obtain a supernatant (SI) and a pellet.
The pellet was digested with pancreatic porcine elastase type III (Sigma-
Aldrich; 12h, 37 °C) to obtain soluble peptide fractions (SII). Fractions SI
and SII were pooled together, hydrolyzed with 6 N HCl at 110 °C and dried
to powder under nitrogen for 18-24h. The dried samples were
reconstituted in double deionized water and diluted for assay. The wells
in micro-titer plates to be used for assay were pre-blocked using
desmosine-albumin conjugate (EPC, Owensville, Missouri) in 0.05m
sodium carbonate buffer (pH 9.6, 4°C), then washed with 0.05% (v/v)
Tween-20 and phosphate-buffered saline (PBS) solution (1h, 25°C).
Desmosine standards/samples were incubated (12h, 25°C) with rabbit
antiserum to desmosine-hemocyanin conjugate (Elastin Products Com-
pany, Owensville, Missouri). After removal of primary antibody solution,
the wells were successively incubated with peroxidase-conjugated anti-
rabbit 1gG 0.05% (v/v) Tween 20-PBS solution (2h, 25°C). Finally, the
colorimetric compound 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid), (Sigma) 0.08 mg in 0.1 M citrate phosphate buffer containing 0.003%
(v/v) hydrogen peroxide, (pH 4), was added to the wells and incubated
(Ih, 25°C). Absorbances were read in a UV-spectrophotometer at
A =405nm.

2.5. Light microscopy

Light microscopy was used to determine HA fragment- or dose-specific
changes to cell phenotype, if any. The cell layers were cultured in the
presence of HMW HA (200 pg/ml), LMW HA (200 pg/ml), VLMW HA
(200 pg/ml) and no HA (controls), and were periodically imaged on an
Axiovert 200 (Carl Zeiss, Thornwood, NY).

2.6. Immunofluorescence detection of elastin and collagen

Immunofluorescence was used to confirm the presence of elastin and
collagen in select test cell layers, cultured in the presence of HMW HA
(200 pg/ml), LMW HA (200 pg/ml), VLMW HA (200 pg/ml) and no HA
(controls), respectively. Briefly, the cell layers were rinsed with 1% (v/v)
PBS at 37°C, fixed with 4% (v/v) paraformaldehyde for 10 min, rinsed
again in an excess of cold PBS, and labeled with Alexa 488 Phalloidin, a
fluorescent probe for smooth muscle cell actin (1:20 dilution; 20 min,
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25°C). Cell layers were then treated with a blocking buffer containing 5%
(v/v) donkey serum, and 0.3% (v/v) Triton-X detergent in 1(X) PBS, in
order to reduce non-specific binding of the secondary antibody. Cell layers
were incubated (1h, 37°C), rinsed and treated with a Cy5-conjugated
donkey anti-rabbit IgG secondary antibody (1:500 dilution; 1h, 25°C).
Cell nuclei were labeled with the nuclear stain 4, 6-diamino-2-
phenylindole dihydrochloride (DAPI; Molecular Probes) dissolved in
PBS. Labeled cell layers were mounted with Vectashield (Vector
Laboratories, Burlingame, CA). Adult rat aortal elastin served as a
positive control for immunolabeling. Prior to labeling, cell layers were
quenched in ethanol/phosphomolybdic acid mixture for 15min to block
the collagen autofluorescence. Negative control specimens (both cell layer-
and tissue-sections) were not treated with the primary antibody against
elastin or collagen.

2.7. Matrix ultrastructure

TEM was used to selectively compare the distribution and ultra-
structure of matrix elastin between cell layers cultured with or without
exogenous bolus of HA. For TEM, the adhered cell layers were fixed in
2.5% (v/v) glutaraldehyde, post-fixed in 1% (v/v) OsOy, dehydrated with
ethanol, then embedded in resin, cut into 70 nm thick sections and finally
stained with uranyl acetate and lead citrate. Test cell layers received HMW
HA (200 and 0.2 pg/ml), and VLMW HA (200 and 0.2 pg/ml). Control cell
layers received no HA.

2.8. Fibrillin-mediated organization of matrix elastin

Immunogold labeling and TEM were used to detect presence of
fibrillin, a scaffolding protein that normally precedes the deposition of
elastin in the ECM [38]. 21 day-old cell layers that received HMW HA
(200 pg/ml) supplements, were incubated with a rabbit anti-rat primary
fibrillin-I antibody (20% (v/v); 14 h, dark; (EPC)), then rinsed and treated
with a goat anti-rabbit IgG conjugated with gold nanoparticles (10 nm;
Structure Probe, Inc., West Chester, PA) diluted 1:3 (v/v) in 20 mm TRIS-
HCI, pH 8.2 in PBS with 0.1% (v/v) BSA. The labeled specimens were
then processed as described in Section 2.7, stained with 2% (v/v) uranyl
acetate, and finally resin embedded and sectioned. Cell layers untreated
with the primary antibody served as negative controls.

10000 1
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2.9. Statistical analysis

All experiments were performed in triplicate, unless otherwise
mentioned. Statistical significance between and within groups was
determined using Microsoft Excel’s statistical function for r-tests,
assuming unequal variance and two-tailed distribution. Differences were
considered statistically significant at p<0.05. Quantitative results are
reported as mean +standard deviation.

3. Results
3.1. Cell proliferation

Control cell layers proliferated to 1.6+ 1.6 times the
original seeded cell number at 21 days of culture (Fig. 1).
HA-supplemented cultures showed similar (HMW HA) or
higher (LMW, VLMW HA) levels of proliferation that
inversely correlated to HA fragment size (Fig. 1), although
there was no significant correlation between proliferation
ratios and added HA dose within each size group.

3.2. Biochemical quantification of extracellular matrix

3.2.1. Soluble tropoelastin synthesis

The measured tropoelastin amounts were normalized to
the average DNA content. In general, cell layers supple-
mented with HMW HA showed levels of tropoelastin output
that were comparable to that produced in control cell layers
(P> 0.05). Although slight inhibition of elastin synthesis was
observed at low doses, a significant stimulation in elastin
synthesis was observed at higher doses (Fig. 2(a)). Smaller
HA fragments significantly inhibited tropoelastin synthesis in
inverse correlation to fragment size for LMW and VLMW
HA (p<0.001 for both LMW vs. and VLMW vs. control).
No dose-related effects on tropoelastin synthesis were noted
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Fig. 1. Effect of exogenous HA supplements on proliferation of cultured SMCs. Shown are the mean+ SD of DNA content of cell layers cultured in the
presence of HMW, LMW and VLMW-HA (200, 20, 2 and 0.2 pg/ml) or in their absence (controls) (n = 3). All cells were seeded identically and harvested
for analysis at 21 days. Inter-fragment size differences were deemed significant for p<0.05 (*).



2998 B. Joddar, A. Ramamurthi | Biomaterials 27 (2006) 2994-3004

B -vw [Joivw [ vivw

70000-'_|_L|| IH TI — |

60000 1

500001 T =
40000 T

30000

T T IT
0 . v .

20000 4 |
10000

200 20 2 0.2 CTL
HA dosage (ug/ml)

Avg. tropoelastin/DNA (ng/ng)

—~
o
=

6007 T | T | l
2 5001 P 1
S &
£
s 400 1
Q
£
k7] 300 1
©
@
> 200 1
(o))
g
:‘% 100
0 T T
0.2 CTL
(b) HA dosage( g/ml)
' 1
ES
2 200 , ! ) |
E L e Tl g
g 1201 r 1
5
g’ 80
3
8 40 I I
(=]
S
< 0 T T T r
200 20 2 0.2 CTL
(© HA dosage (ug/ml)

Fig. 2. Effects of exogenous HA on matrix synthesis by adult SMCs.
Shown are the mean+SD of average tropoelastin (a), matrix elastin (b)
and collagen (c) amounts synthesized within HA-supplemented and non-
HA control cell layers. Values are shown normalized to cellular DNA
content at 21 days of culture (n = 3/case). Significance of differences in
elastin/collagen synthesis were deemed for p<0.05 and are indicated by *.

except at high doses (200 pug/ml) of LMW HA, when
tropoelastin output approached that produced by cell layers
exposed to that of HMW HA or controls (p = 0.56 HMW
vs. LMW at dose of 200 pg/ml).

3.2.2. Synthesis of cross-linked matrix elastin
Elastin incorporated into the extracellular matrix was
measured as a sum of two fractions, namely, a highly cross-

linked, alkali-insoluble elastin pellet, and a cross-linked
alkali-soluble fraction. In general, the total DNA-normal-
ized output of matrix elastin mirrored the HA fragment
size-specific trends reported for tropoelastin (see Section
3.2.1). HMW HA suppressed elastin matrix synthesis at
very low doses (0.2 pg/ml), induced a stimulatory effect at
intermediate doses (2 ug/ml), which increasingly waned at
higher doses (Fig. 2(b)). However, in all cases, the
differences vs. controls were not significant (p = 0.4). In
comparison, fragmented HA inhibited elastin matrix
synthesis to an extent that inversely correlated to HA
fragment size (p<0.03 for 200 vs. 2mg/ml and 0.2 mg/ml
for LMW HA). As noted with synthesis of tropoelastin,
VLMW HA did not have a dose-specific effect on matrix
elastin synthesis, although at high doses (200 pg/ml), LMW
HA induced significantly higher levels of elastin synthesis,
closely approaching production levels as seen in control
cultures.

3.2.3. Collagen synthesis

Exogenous HA had a dose-dependant effect on collagen
synthesis (Fig. 2(c)). Within each HA fragment-size group,
peak induction of collagen synthesis occurred at specific
doses that inversely correlated to HA fragment size. Thus,
peak cellular collagen synthesis for HMW, LMW, and
VLMW HA occurred at doses of 0.2, 20 and 20 pg/ml,
respectively. Also, the magnitude of these peak-collagen
amounts positively correlated to size of HA fragments.

3.2.4. Western blot/SDS PAGE for tropoelastin

Cell cultures supplemented with HMW HA synthesized
the same levels of tropoelastin as did control cultures, while
those cultured in presence of lower-sized HA fragments
inhibited elastin synthesis relative to controls in inverse
correlation to fragment size (Fig. 3).

3.2.5. Desmosine assay for cross-linked matrix elastin

Desmosine amounts measured in cell layers cultured
with HMW HA were similar to that produced in control
cultures. Desmosine content was severely inhibited relative
to controls in cell layers supplemented with LMW or
VLMW HA (Fig. 4).

3.3. Cell morphology

No visible changes to cell morphology were observed
between HA-supplemented cell cultures and control cell
cultures at early or late culture times, although beyond 2
weeks of culture cell clumps were seen in the former, but
not the latter cultures. The number and size of these cell
clumps did not show any correlation to HA fragment size
or dose.

3.4. Immunodetection of elastin and collagen

The matrix of 21 day-old cell layers was found to contain
elastin as a significant component. Test cell layers showed
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in control cell layers (no HA), plotted as functions of HA fragment size
and dose (n = 3/case).

numerous DAPI-stained nuclei (blue) engulfed in a mass of
homogenous elastin or collagen matrix (red; Figs. 5(a and
b)); the elastin was not organized into lamellae as in aortic
tissue (Fig. 5(e)) and collagen was sparse and localized in
distribution, unlike aortic tissue where collagen is plentiful

(Fig. 5(f)). Cell layers and aortae not treated with the
primary antibody to rat elastin and collagen (negative
controls) confirmed the absence of non-specific binding of
the Cy-5 fluorophore (Figs. 5(c and d)).

3.5. Ultra-structure of elastin and collagen in the matrix

Cell layers cultured in the presence and absence of HA
both contained multiple stacked layers of cells at 21 days
(Fig. 6(a—d)). The density of elastin deposits within the cell
layers mirrored the HA size-and dose-specific trends
established through biochemical analyses (n = 30/micro-
graphs/case); the density of elastin within control cell layers
and those supplemented with HMW HA (200 pg/ml)
appeared similar, while appearing much more dense
compared to within cell layers cultured in presence of
VLMW HA (200 ng/ml). Again, the relative similarity in
the density of elastin deposits between cell layers that
received 200 pg/ml of HMW HA and those that received
0.2 ug/ml of HMW HA semi-quantitatively confirmed the
lack of a dose effect within this tested group. In most cases,
the cell layers exhibited relatively poor native tissue-like
organization into fibers and fiber bundles; rather the cell
layers contained amorphous elastin clumps, many of which
exhibited cross-sectional diameters similar to that of elastin
fibers, although only few fibers were seen in axial
orientation. The exceptions were cell layers that received
low doses (0.2 pug/ml) of HMW which exhibited several
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Fig. 5. Immunodetection of elastin and collagen within SMC layers. (a) and (b) show presence of elastin and collagen respectively (red) following 21 days
of culture in the presence of HMW HA (200 pg/ml). Coloration due to elastin or collagen is absent in cell layers not treated with the respective primary
antibodies (negative controls; ¢, d). The specificity of the primary antibodies used to detect rat elastin and collagen was confirmed by localization of red
fluorescence along the elastic lamellae and adventitia of rat aortae (positive controls; e, f). Nuclei were stained with DAPI (blue).

Elastin Fibers

15.000X 100.000X

Fig. 6. Matrix ultrastructure and fibrillin-mediated elastin deposition. Shown are representative transmission electron micrographs of 21 day-old cell
layers cultured in the presence of HMW HA (200 pg/ml; b), VLMW HA (200 pg/ml; ¢) or HMW HA (0.2 pg/ml; d) or in it’s absence (a). In each case,
representative images were selected from nearly 20 captured micrographs. A qualitative comparison of the amounts of elastin deposited within these cell
layers suggests no HA dose effects (compare b, d, and a, b), but shows HA fragment size effects (compare b and c). A mesh of fibrillin microtubules

surrounded the indicated amorphous elastin clumps (e).
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longitudinally extended elastin clumps, closely resembling
fibers when viewed at high magnifications (60,000 x ).

3.6. Microfibrillar basis for elastin deposition

Both control and test cell layers tested positive for
fibrillin, which appeared as darkly stained microfibrillar
networks at the periphery of amorphous elastin clumps
(Fig. 6(e)). Such fibrils were not visible in non-immuno-
gold-labeled cell layers. The average fibrillin strand length
was 57+ 7 nm.

4. Discussion

The long-term objective of our current research is to
develop scaffolds based on GAGs, specifically HA, to
regenerate structurally and functionally faithful vascular
elastin matrices on demand. Such matrices are expected to
reinstate the crucial structural configurations and cell
signaling pathways, regulated by elastin, within blood
and cell signaling vessels, which are lost when elastin is
congenitally absent, malformed, or degraded due to disecase
or injury.

The choice of HA scaffolds for elastic regeneration is
based on previous observations that implicates several
GAG types (HA, heparin sulfate) directly or indirectly in in
vivo mechanisms of elastin synthesis, maturation and
organization. Also, in various tissue types [24-26,37-40]
fragmented HA and HA oligosaccharides have been shown
to be more biologically active than long-chain HA, and are
likely responsible for eliciting elastogenic responses from
cells, although long-chain HA may play a role in
facilitating matrix deposition. Since HA fragments can
also potentially elicit inflammatory cell responses, the
design of elastogenic scaffolds based on a mixture of HA
and its fragments must follow a thorough investigation into
the size-specific effects of HA on desired (e.g., elastogenic),
and undesired (e.g., inflammatory) cell responses. The first
aspect, namely elastogenic responses, is investigated in the
current study.

An exogenous supplementation model is a simple and
frequently adopted method to assess dose-specific re-
sponses to growth factors/signaling molecules, and has
been extensively used to study cell (e.g., chondrocytes,
fibroblasts) responses to HA [41,42]. Since biomechanical
stimuli proffered by cell-scaffold contact and continuous
long-term HA-—cell receptor interaction likely play impor-
tant roles in modulating cell responses, an exogenous
supplementation model may not completely replicate cell
responses to an HA scaffold. However, such a model can
provide vital clues to understanding the size-and dose-
specific elastogenic responses of SMCs to HA and also cell
responses to Dbiodegradation-generated HA fragments
when vascular implants based on HA are deployed in vivo.

We saw that HMW and LMW, VLMW-HA induced
marginal inhibition, and enhancement of cell proliferation,
respectively, relative to control cell cultures. This finding

complies with results from other studies where shorter HA
fragments have been reported with other cell types such as
chondrocytes [41], endothelial cells [30] and fibroblasts [42]
to be pro-cell-proliferative and angiogenic unlike native
HMW HA. Also, the observed results are in agreement
with our earlier published observations of greatly enhanced
cell proliferation atop cross-linked gels containing a
mixture of long-chain HA and smaller fragments, relative
to one containing long-chain HA alone [28]. Although a
detailed investigation into the mechanisms underlying these
results is beyond the scope of this study, a possible
explanation may lie in the ability of non-long-chain native
HA fragments to cause phosphorylation of the cell-surface
glycoprotein HA receptor, CD44, which extracellularly
interacts with HA intracellularly with the cell cytoskeleton
[43]. Possibly, smaller HA fragments, but not long-chain
HA, phosphorylates CD44, and further activate a cyto-
plasmic cascade of events ultimately inducing cell pro-
liferation, as described previously [43]. Alternatively, low
cell density and high initial levels of cell proliferation rates
(>1 day) may correlate with increased endogenous HA
synthesis and accumulation that inhibit cell proliferation
through a feedback mechanism [44]. Possibly, the high
negatively charged long-chain HA may somehow inhibit
cell proliferation, although this alone may not be a
determinant of the observed effects because other more
negatively charged GAGs (e.g. dextran sulfate) do not
particularly inhibit cell proliferation [45]. Unlike results
reported with other cell types, which demonstrated the
proliferation-inhibitory effects of high concentrations
(1000 pg/ml) of HMW HA and proliferation-stimulation
effects of fragmented HA at low concentrations, we did not
observe any dose effects. These differences may be due to
the respective selections of tested HA sizes and doses
(>1000 vs. 200 pg/ml in this study). While the maximal HA
doses adopted in this study roughly correspond to the
typical HA concentration within earlier tested cross-linked
HA gels (hylans) [28], further extrapolation of the dose
range may indicate dose-specific effects on cell prolifera-
tion. HMW-HA stimulated elastin production beyond that
in control cultures, at high doses (200 pg/ml), but increas-
ingly inhibited the same at lower doses. This dose effect
was much more pronounced for synthesis of matrix elastin
than for soluble tropoelastin. A comparison of the trends
pertaining dose-specific effects of HMW-HA on cell
proliferation and elastin synthesis, suggests that the latter
is likely regulated via a different mechanism, possibly
preferred post-translational coacervation and cross-linking
of soluble tropoelastin at the highly negatively charged HA
surface. Likely, such coacervation is a function of
cumulative negative charge of the HA molecule, which is
in turn determined by fragment size. The same reasons can
be evoked to explain a similar trend observed when cell
cultures are supplemented instead with LMW-HA.

An unexpected finding was that LMW and VLMW HA
both inhibited tropo- and matrix elastin synthesis relative
to controls, and to extents that correlated inversely to
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fragment size. Previous studies showed more exuberant
elastin synthesis by cells cultured atop gels containing
HMW and fragmented HA, than those cultured on gels
containing HMW HA alone [28].

It was earlier hypothesized that long-chain HA was
bioinert and only useful from the perspective of producing
gels that were biocompatible and possessed some mechan-
ical integrity; smaller-sized fragments were the ones that
elicited enhanced cell adherence, proliferation and matrix
synthesis. Suggestably, while HA fragments may elicit
enhanced proliferative responses among SMCs, the slight
enhancement in matrix elastin synthesis, may be purely due
to the greater efficiency of LOX-mediated cross-linking
when soluble tropoelastin preferentially coacervates at the
negatively charged HA surfaces [26]. However, the lack of
any HA-mediated enhancement in per cell elastin output as
previously determined for cells cultured on HA gels
suggests vital differences in cell response to HA, when
delivered exogenously and or as a substrate. Previous
studies have implicated HA and other GAGs in stabilizing
elastin fibers against elastase degradation [27]. In the
current study, elastase activity was not blocked over the 21
days of culture. Thus, it is likely that the observed
differences in elastin output are due to the combined
influence of two possible factors namely, HA-mediated
stabilization of elastin, and HA-induced differences in
cellular elastin output. The relative influence of these
factors will be investigated in a future study.

The differences in desmosine cross-link content of
selected test and control cell layers mirrored that in their
respective differences in insoluble matrix elastin content,
confirming the observed biochemical trends. Since each of
these assays was performed on replicate and not the same
cell layers, the amounts of desmosine cross-links may not
be normalized to the respective elastin amounts. Thus, it is
yet uncertain if HA influence on cross-link density is size-
or dose-specific.

Collagen synthesis was determined to be a function of
both added HA-chain length and dose. Generally, both
VLMW and LMW HA stimulated cellular collagen output
in direct correlation to added dose, with peak output
attained at >20 pg/ml, and relative inhibition observed at
higher HA doses. A likely explanation for the observed
dose-specificity within each MW group is increasing levels
of CD44-HA interaction, which signal cells to upregulate
collagen production until saturation is attained. Further,
added HA likely down-regulates CD44 receptor expression
inhibiting collagen synthesis via a negative feedback
mechanism. A comparison of peak collagen amounts
synthesized by cells cultured with HMW HA and shorter
HA fragments, suggests that impact of CD44-HA interac-
tions are additive as more HA monomers are added.

Most elastin in test and control (no HA) cell layers was
deposited in the form of amorphous clumps. Within this
group, many clumps appeared circular and measured
roughly 100nm across, supporting our assumption that
these are transverse-sections of elastin fibers, several of

which were seen in axial orientation. The presence of
fibrillin microtubule networks surrounding elastin clumps,
essential precursors to clastin fiber organization, suggests
that elastic fiber organization in presence of HA proceeds
via normal fibrillin-mediated mechanisms. The predomi-
nance of amorphous elastin clumps over elastin fibers may
be an outcome of the failure to concomitantly provide
essential biomechanical, or biochemical stimuli in the form
of growth factors (e.g., TGF-f), which have been suggested
previously to increase cross-linking and induce elastic fiber
organization [46]. The greater density of elastin fibers in
cell layers cultured with HMW HA than smaller HA
fragments, implicates HMW HA in the post-translational
maturation of matrix elastin, although this must be
rigorously confirmed. The complete absence of lamellar
elastin unlike that produced by cells cultured atop hylan
gels [28], may be due to the lack of HA derivatization or
chemical cross-linking, which may influence elastin deposi-
tion as a lamellar layer. Again, the impact of actual long-
term HA-cell contact in elastin organization cannot be
discounted.

Although the effects of HA oligos (e.g., hexamers) have
not been yet assessed, it is already apparent that the
exogenous supplementation model does not necessarily
emulate cell culture on hylan gels particularly with regard
to generation of lamellar elastin [28]. Thus, clearly, an
exogenous HA supplementation model is inadequate in
predicting cell response to HA culture substrates. The true
effects of HA size or dose on cell response may likely be
better predicted by long-term cell contact with surface-
tethered HA/HA fragments.

5. Conclusions

In summary, the current work has evaluated the efficacy
of a much adopted HA exogenous supplementation model
in predicting elastogenic SMC responses to HA scaffold
composition investigated in a previous study. The results of
the current study highlight vital differences in elastogenic
cell responses to either of the two HA delivery methods,
likely due to absence of prolonged HA/HA fragment—cell
receptor (CD44) contact and biomechanical substrate-
derived stimuli. Notably, these differences pertain to both
the quantity as well as qualitative ultrastructural organiza-
tion of elastin within the cell layer, with the notable
absence of the lamellar elastic layer, produced atop HA
scaffolds. Despite this, the current work conclusively
demonstrates that eclastogenic cell responses to HA,
functions of HA fragment size and dose. Ongoing work
will investigate the size and dose-specific effects of surface-
tethered HA on elastin synthesis and organization, which
will likely better explain the observed cell response to HA
gels. The current results are nevertheless important towards
designing composition-optimized HA scaffolds for regen-
erating vascular elastin structures.
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