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Abstract
Changes in extracellular matrix (ECM) are one of many components that contribute to impaired
wound healing in aging. This study examined the effect of age on the glycosaminoglycan
hyaluronan (HA) in normal and wounded dermis from young (4–6 month-old) and aged (22–24
month-old) mice. HA content and size was similar in the normal dermis of young and aged mice.
Dermal explants labeled with [3H]-glucosamine showed decreased generation of smaller forms of
HA in aged explants relative to young explants. Aged mice exhibited delayed wound repair
compared with young mice with the greatest differential at 5 days. Expression of hyaluronan
synthase (HAS) 2,3 and hyaluronidase (HYAL) 1-3 mRNA in wounds of young and aged mice
was similar. There was a trend toward decreased HYAL protein expression in aged wound dermis,
which was accompanied by changes in detectable HYAL activity. Total HA content was similar in
young and aged wound dermis. There was significantly less HA in the lower MW range (~250
kDa and smaller) in 5-day wound dermis, but not 9-day wound dermis, from aged mice relative to
young mice. We propose that decreased cleavage of HA is an additional component of impaired
dermal wound healing in aging.
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1. INTRODUCTION
Wound healing is impaired in aging. Age-related changes are multifactorial and include
delayed epithelial closure, dysregulation of the immune system, deficient angiogenesis and
alterations in the extracellular matrix (ECM) (Reed et al., 1996; Swift et al., 1999 and 2001;
Ballas and Davidson 2001; Gosain and Dipietro, 2004). ECM in connective tissue is
comprised of numerous proteins that confer strength (such as collagen) in association with
nonproteinaceous molecules, the most abundant of which is hyaluronan (HA). HA is a linear
polymer of the disaccharide glucuronic acid/N-acetyl glucosamine that is highly hydrophilic
and which acts as a scaffold for organization of other ECM macromolecules, thereby
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mediating ECM assembly and homeostasis (Laurent and Fraser., 1992; Manuskiatti and
Maibach., 1996; Toole., 2004; Evanko et al., 2007, 2009; Roughley et al., 2011).

HA is extruded from the surfaces of cells by the action of HA synthases (HAS), of which
HAS 2 and 3 are primarily functional in the dermis (Averbeck et al., 2007; Dai et al., 2007;
Gebhardt et al., 2010). Native HA can have a molecular weight (MW) as large as 2 × 104

kDa, but it is rapidly cleaved in the extracellular milieu into fragments ranging from 2–
25,000 disaccharides by several mechanisms, including the activity of hyaluronidases
(HYAL) 1–3 (Ikegami-Kawai and Takahashi., 2002; Stern, 2005; Toole, 2008). HA has
distinct biological activities that are determined, in part, by MW. Although this varies by
cell type, forms of HA with a MW of 1 × 103 kDa and above (“high MW” HA) are generally
thought to inhibit the proliferation and migration of cells. In contrast, lower MW (3–300
kDa) forms of HA usually promote cell proliferation and migration and have been associated
with pro-inflammatory processes (Moon et al., 1998; Slevin et al., 2002; Stern, 2005;
Bharadwaj et al., 2007; David-Raoudi et al., 2008; Jiang et al., 2011).

Fetal skin contains high levels of high MW HA, which is well described as promoting
healing without fibrosis and scar formation (Longaker et al., 1991; Adzick and Lorenz,
1994; Agren et al., 1997). In contrast, the influence of aging on HA content and MW in
normal tissues remains incompletely characterized (Ghersetich et al., 1994; Stern and
Maibach, 2008) and there are no published reports of the properties of HA in aged dermal
wounds. There is evidence that in normal tissues cleavage of HA into lower MW forms is
altered by aging (Miyamato and Nagase, 1984; Ghersetich et al., 1994; Meyer and Stern,
1994; Stern and Maibach, 2008; Simpson et al., 2009; Robert et al., 2010), which leads to
the question of whether similar, age-associated differences in HA may exist during dermal
wound repair. In the present study, we used an established mouse model to define the
influence of age, and associated mechanisms, on HA content and MW distribution in normal
and wounded dermis.

2. RESULTS
2.1. HA content and size is similar in the dermis of mice of different ages

We began our studies of HA by measuring HA content and MW range in the skin from mice
4, 8, 16, and 24 months of age, an accepted model for the study of cutaneous wound repair
and aging (Brubaker et al., 2011). The epidermis was removed in order to selectively
measure dermal HA. Within this age range, we found that the content of HA in normal
dermis was similar among the age groups (2.43+/-0.24, 3.01+/-0.97, 2.14+/-0.25,
2.24+/-0.15 µg/mg tissue, respectively; error bars are mean +/- SD) (Figure 1). The size
distribution of HA in normal dermis also did not differ significantly among the age groups
(data not shown).

2.2 Dermal explants from aged mice are less able to generate lower MW forms of HA
To begin to study the effect of injury on HA size, we obtained dermal explants from the skin
of young and aged mice, wounded them in culture and then exposed them for 48 hours in the
presence of [3H]-glucosamine to radiolabel newly-synthesized HA. The HA was purified
from the culture supernates and resolved by chromatography to generate profiles of MW
(Figure 2A, B). Subsequently, the chromatographic fraction data was distributed into two
pools representing ranges of “high” and “lower” MW HA (Figure 2C). Quantification of
these distributions showed that the HA synthesized by the dermis of young mice was more
enriched in lower MW HA (~250kDa and smaller) (43.4% of total, synthesized HA was in
the lower MW pool) compared to the dermis of aged mice (32.6% of total, synthesized HA
was in the lower MW pool) (Figure 2C).
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2.3 Dermal wound repair is delayed in aging
For studies of wound repair, we used a well-characterized model of full-thickness cutaneous
wounds in young and aged mice to establish that our protocol matched publicized historical
data (Figure 3A and 3B) (Reed et al., 1996; Swift et al., 1999 and 2001). As expected, aged
mice showed decreased rates of epidermal closure compared with young mice throughout
the 9-day period of wound healing (Figure 3C), with the greatest differential noted at 5 days.
Repair of dermal wounds was also significantly delayed in aged mice relative to young mice
at 5 days, but not after 9 days (Figure 3D). The rate of cutaneous wound repair by middle-
aged mice was intermediate to that of the young and aged mice (data not shown).
Consequently, middle-aged mice were not analyzed further.

2.4 Aged mice have a lower proportion of low MW forms of HA than do young mice during
dermal wound repair

Many variables determine HA content and size. The expression of mRNAs for the primary
HAS that synthesize HA in the dermis, HAS 2 and 3, (Gebhardt et al., 2010) did not differ
significantly with age in 5-day or 9-day wound dermis (Figure 4A, 4B). HA size primarily
reflects the activity of HYAL 1-3 (West et al., 1997; Averbeck et al., 2007; de la Motte et
al., 2009; Gebhardt et al., 2010). Expression of HYAL mRNAs was also similar in the
young and aged 5-day and 9-day wound dermis (Figure 4A, 4B). There was a trend toward
lower expression of HYAL total protein (as determined by quantitative ELISA per 90µg
total protein), in the aged wounds at 5 days, which was significant in 9-day wound dermis
(5.33+/-0.9ng versus 4.4ng+/-0.6ng at 5 days and 6.97+/-0.43ng versus 3.22+/-0.85ng at 9
days, error bars are mean+/- SD, n=5 each, *p<0.05) (Figure 4C). Measures of HYAL
activity were able to detect subtle differences in young and aged wound dermis at days 5 and
9, but did not find statistically significant differences in the 5-day or 9-day wounds despite a
linear detection range of 2×10-4 units to 2 units per 25μg total protein (Figure 4D).

Quantitation of total HA content during dermal wound repair demonstrated that, as in
normal dermis, the HA content within wound dermis of young and aged mice was similar
for both groups of mice at 5 and 9 days after wounding (Figure 4E). Wound dermis of young
and aged mice had roughly twice the HA content per unit weight of tissue than normal
dermis. In young and aged mice, there was 4.1-5.0 μg of HA per mg dry weight of 5- and 9-
day wound dermis (Figure 4E) versus 2.14-3.01 μg of HA per mg dry weight of normal
dermis (Figure 1).

The biological effects of HA are strongly influenced by its MW. For example, high MW
forms of HA generally inhibit tissue growth, whereas lower MW HA promotes
angiogenesis, inflammatory responses, and usually stimulates cell proliferation and
migration. We evaluated the size of HA in the dermis of 5-day and 9-day wounds of young
and aged mice using agarose gel electrophoresis in combination with densitometric scans of
the stained gels. Five mice were evaluated individually for each of the 4 groups (i.e., young
versus aged at 5 days and 9 days after wounding), for a total of 20 mice. Results were highly
consistent among individual mice within each group. The size profile of HA extracted from
5-day wound dermis of young mice showed greater HA content in the lower MW HA range
(~250 kDa and smaller) than that seen in corresponding extracts of 5-day wound dermis
from aged mice (54+/-2% versus 38+/-3% at 5 days, error bars are mean+/- SEM, n=5 each,
*p<0.05) (Figure 4F). In contrast, the size profiles of HA in extracts of 9-day wound dermis
from young and aged mice were similar (43+/-8% versus 27+/-3% at 9 days, error bars are
mean+/- SEM, n=5 each) (Figure 4F).
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3. DISCUSSION
It has been proposed that aging of the skin is associated with changes in HA content that
result in a less hydrated and structurally sound ECM (Miyamato and Nagase, 1984; Weigel
et al., 1986; Ghersetich et al., 1994; Meyer and Stern, 1994; Manuskiatti and Maibach,
1996; Stern and Maibach, 2008; Simpson et al., 2009). Following synthesis, extracellular
HA is rapidly cleaved into smaller fragments by several mechanisms, including the activity
of HYAL (West et al., 1997; Averbeck et al., 2007; Harada and Takahashi, 2007; de La
Motte et al., 2009; Girish et al., 2009; Gebhardt et al., 2010). Age-related changes in HA
size are also of relevance, as the effects of HA on cell behaviors are determined by the
degree to which high MW forms of HA are cleaved into smaller fragments (West et al.,
1985; Sattar et al., 1994; Montesano et al., 1996; Deed et al., 1997; Gao et al., 2008).

In this study we found that HA content and size are similar in normal dermis, but that HA
from dermal explants of young mice tended toward lower MWs than that of HA from
corresponding dermal explants of aged mice. The age-related difference in the MW of HA in
explanted dermis suggests that age could affect the size profile of HA under other conditions
of stress, such as wound repair. To specifically examine the effect of age on HA during
dermal wound healing, we utilized a well-characterized murine model of full-thickness
cutaneous wounds (Reed et al., 1996 and 2006; Swift et al., 1999 and 2001). Such wounds in
aged mice generally exhibit deficiencies in repair processes relative to wounds in young
mice, particularly during the early and middle stages of healing. These deficiencies become
less acute toward the later stages of healing, as was noted in this study. Interestingly, we
observed that wound dermis of young and aged mice contained similar quantities of HA at
both the middle (5-day) and later (9-day) stages of healing. However, we did find a
significant age-related difference in the MW of HA in wound dermis, such that wounds from
young mice at the 5-day stage had a significantly greater amount of HA in the size range of
~250 kDa and smaller than did 5-day wounds from aged mice. This difference was not seen
in 9-day wounds – a point where differences in the extent of dermal wound repair between
young and aged mice was no longer significant, as was shown in Figure 3D.

Several potential mechanisms contribute to differences in HA size. One consideration is the
relative expression and activity of the HAS enzymes responsible for HA synthesis in the
dermis (Gebhardt et al., 2010), as HAS 2 is thought to generate larger forms of HA than
HAS 3 and has variable expression with aging (Stern, 2005; Oh et al., 2011). We did not
detect significant differences in HAS 2 and 3 mRNA between young and aged mouse
dermal wounds. Another possibility is that decreased fibroblast density in aged dermal
wounds (Reed et al., 1996; Swift et al., 1999; Gosain and DiPietro, 2004) contributes to the
presence of larger forms of HA (Chen et al., 1989). The fact that HA size did not vary
significantly in normal dermis from aged mice, which is also known to have decreased
fibroblast density (Reed et al., 1996; Gosain and DiPietro, 2004), suggests density did not
mediate age-related differences in HA size in wound dermis. Additional mechanisms
include age-related alterations in receptor mediator clearance and turnover of HA. Changes
in HA size in this context reflect expression and activity of CD44, RHAMM and other HA
receptors – a process that is best studied using exogenously administered labeled HA
(Harada and Takahashi 2007; Jadin et al., 2012; Afratis et al., 2012). Lastly, a major
determinant of HA size in the dermis is HYAL activity, an enzymatic process that is
mediated primarily by the expression and regulation of HYAL 1, 2, and 3 (Averbeck et al.,
2007; Gebhardt et al., 2010). Levels of the specific mRNAs corresponding to HYAL 1, 2,
and 3 – the three isoforms that mediate HA cleavage in dermis– were not significantly
different in young compared to aged wound dermis, but there was a trend toward increased
expression of the three HYAL isoforms in young wound dermis, a result that was mimicked
in quantitation of total HYAL protein in 5-day and 9-day wounds of young and aged mice.

Reed et al. Page 4

Matrix Biol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HYAL enzymatic activity was also measured in young and aged dermal explants and wound
dermis. Although there were trends toward decreased activity in aged dermal explants, the
differences did not achieve statistical significance. It is unlikely this reflects lack of
sensitivity given the large detection range of our standard curve, but even small changes in
enzyme international units could reflect important biologic changes that are not reflected in
statistical measures extrapolated from measures of optical density. Nonetheless these data
suggest additional age-related changes that determine HA size in the wound dermis, such as
circulating endogenous inhibitors of HYAL activity and/or HA binding proteins that protect
HA against cleavage by HYAL (Jha et al., 2004; Evanko et al., 2007; Girish et al., 2009).
The view that age-related deficits are multifactorial, with small decrements in many stages,
is a recurring theme in studies of aging and tissue repair (Sadoun and Reed 2003; Gosain
and DiPietro, 2004).

Although it is generally accepted that many mechanisms interact to influence wound repair
in aging, we suggest that decreased lower MW HA (~250 kDa and smaller) in 5-day wounds
could contribute to impaired dermal healing in aged hosts. In support of this hypothesis,
“small” and “medium” forms of HA have been reported to promote proliferation of
connective tissue cells, such as fibroblasts (Moon et al., 1998; David Raoudi et al., 2008).
Correspondingly, we have observed that addition of 200-300 kDa HA significantly
increased the proliferation of aged human fibroblasts in vitro (Reed et al., unpublished
observations). In fetal wounds there is persistence of high MW HA, relative to wounds of
post natal, young animals, that contributes to a scarless form of healing (Longaker et al.,
1991; Adzick and Lorenz, 1994; Agren et al., 1997; West et al., 1997). This effect is
obviated by exogenous HYAL, which degrades high MW HA and promotes collagen
deposition (Mast et al., 1992). In addition to direct effects on cell behaviors, the difference
in HA size with age is likely relevant to the production of smaller forms of HA, such as
oligomers. Smaller forms of HA, whether added directly or generated by addition of HYAL,
are known to promote angiogenesis and granulation tissue formation (Sattar et al., 1994;
West et al., 1985; Montesano et al., 1996; Deed et al., 1997; Iocono et al., 1998; Slevin et
al., 2002; Gao et al., 2008), a process that we and many others have noted is significantly
impaired in aging (Rivard et al., 1999, Swift et al., 1999; Edelberg et al., 2002; Sadoun and
Reed 2003).

In summary, we found no age-associated differences in HA content or MW in normal
dermis from young and aged mice. Using dermal explants and a well established model of
dermal wound repair in aging, we noted that although the HA content was similar, there was
less lower MW HA in the dermis of aged mice in comparison to corresponding dermis in
young mice. We propose that lower levels of dermal HA processing contribute to delayed
wound healing in aging.

4. EXPERIMENTAL PROCEDURES
4.1. Animals

Male C57/BL6 mice ranging from 4 to 24 months of age were originally obtained from the
NIA Aged Rodent Colony (http://www.nia.nih.gov/search/site/Rodentcolony). The Office of
Animal Welfare at the University of Washington approved the care of mice and all
procedures.

4.2. Normal Dermis and Dermal Wound model
Normal dermis and dermal explants were derived from mice of young (4-8 months), middle
aged (12-16 months), and aged (>20 months) age groups (n=3-6 mice in each group).
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For wound repair studies, young (4–6 month), middle-aged (12–14 month), and aged (22–
24 month) mice (n=10 in each group) received two dorsal, 6 mm full-thickness dermal
wounds as previously described (Reed et al., 1996; 2006). At time 0 and at 2, 5, 7 and 9 days
after wounding, the wounds of the living animals were digitally photographed from above
and the wound areas measured from the images using ImageJ (NIH). Results were recorded
in square pixels and then converted to area (mm2). Groups of mice were euthanized at 5 and
9 days after wounding (Reed et al., 2006) and the wound tissue harvested using a 6 mm
biopsy punch. Each wound plug was divided in half: one half was processed for histology
and the other half was stripped of epidermis and analyzed for HA content and MW, and for
expression of mRNAs for specific HYAL, as described below.

4.3. Histology
Wound isolates were embedded in paraffin and sectioned at 5 μm. Sections from the middle
of the wound were mounted on slides, de-paraffinized, and stained with Masson's
Trichrome. Wound regions were identified in the sections by the presence of co-localized
collagen (blue) and fibrin (red), which clearly demarcated the wounded dermis. Wound
areas were measured in square pixels by analysis of digital images with ImageJ and then
converted to area (mm2). Significance of the data was calculated using Student's t-test.

HA was identified in de-paraffinized, mounted sections by blocking the sections in 2% goat
serum and exposing them to biotinylated hyaluronic acid binding protein (bHABP). The
bound bHABP was visualized with a Vectastain® avidin-biotin complex (ABC) kit (Vector
Laboratories, Burlingame, CA), in conjunction with 3,3'-diaminobenzidine (DAB).

4.4. Measurement of total HA content
To assess total HA content, normal dermis or portions of wounds from each mouse (stripped
of epidermis) were homogenized with cell lysis buffer (Qiagen, Valencia, CA). Individual
extracts were standardized to a total protein content of 100 μg (BCA assay, Pierce/Thermo
Fisher Scientific, Inc., Rockford, IL) and then were lyophilized, rehydrated with 100 mM
ammonium acetate (pH 7.0), digested with proteinase K (250 μg/ml) to degrade endogenous
proteins and proteoglycans, heated to 100°C for 20 minutes to inactivate the proteinase K,
and then assayed for HA by a competitive enzyme-linked sorbent assay (ELSA) using
bHABP (Wilkinson et al., 2004; Sakr et al., 2008; Jarvelainen et al., 2009). HA reactivity in
the ELSA was quantitated according to a standard curve derived from purified HA
(Underhill et al., 1993; Wilkinson, 2004; Jarvelainen et al., 2009).

4.5. Determination of HA size
To evaluate the size profile of newly-synthesized HA in injured dermis, freshly obtained and
finely minced dermal explants were radiolabeled for 48 hours with 40mCi/ml of [3H]-
glucosamine in Dulbecco's Modified Eagle Medium (DMEM – Gibco®-Invitrogen, Grand
Island, NY) with 5% fetal bovine serum. Supernates were isolated by centrifugation and
digested with proteinase K (250 μg/ml) for 24 hours at 60°C. Following digestion,
proteinase K was inactivated by heating to 100°C for 20 minutes. HA and other
glycosaminoglycans (GAGs) were separated from unincorporated [3H]-glucosamine by
chromatography on Sephadex G-50 columns. Macromolecular fractions containing identical
[3H] counts were incubated with or without 0.5 U/ml of Streptomyces HYAL (Sigma-
Aldrich, St. Louis, MO) for 18 hours at 37°C and analyzed by size exclusion
chromatography on a 1.2 × 58 cm Sephacryl S-1000 column. Fractions were eluted in 0.5 M
sodium acetate/0.025% CHAPS, pH 7.0, and the radioactivity was measured by liquid
scintillation counting. For each fraction, radioactivity associated with HA (defined as
HYAL-sensitive GAG) was calculated by subtracting HYAL-resistant radioactivity from
that of the undigested total.
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To measure the MW of HA in normal and wound dermis, HA extracts of dermis (each
containing 10 μg of HA) were electrophoresed into a 1.2% agarose gel (ISC BioExpress,
Kaysville, UT) at 60V for 6 hours. For this study, 4 groups of mice were wounded (young
and aged, euthanized after 5 days and 9 days) for a total of 20 individual mouse wounds that
were analyzed separately. The gels were stained overnight at room temperature with 0.005%
Stains-All (Sigma-Aldrich) in 50% ethanol, and destained in water. The MW profiles of the
HA bands, relative to the position of purified HA MW standards, were determined by
scanning densitometry.

4.6. Measurement of HAS and HYAL mRNAs
Measurement of mRNAs corresponding to mouse HAS 2 and 3 and HYAL 1–3 was
performed by RT-PCR. Total cellular RNA from mouse dermis was extracted using Trizol
(Invitrogen). RNA purity and integrity was assessed by spectrophotometric analysis and
denaturating agarose/MOPS gels. A total of 1 μg of RNA was reverse transcribed using an
iScript kit (Bio-Rad Laboratories, Hercules, CA). RT-PCR was performed using an ABI
7900 RTPCR instrument with SYBR Green Master Mix (Bio-Rad) for mouse HAS 2, HAS
3, HYAL 1, HYAL 2 and HYAL 3. All experiments were performed in triplicate and
normalized to GAPDH mRNA. Fluorescent signals were analyzed during each of 40 cycles
consisting of denaturation (95°C, 15 seconds), annealing (54°C, 15 seconds). Relative
quantitation was calculated using the comparative threshold cycle method.

4.7. Measurement of total HYAL
Samples of 5-day wound dermis were harvested from each mouse and homogenized in
NP-40 cell lysis buffer (Cat. # FNN0021, Invitrogen). Equivalent amounts (90 μg) of total
protein (determined by BCA assay) were loaded per well in a 96-well ELISA plate and a
mouse-specific HYAL ELISA performed per the manufacturer's instructions (Cat. # BG-
MUS11250, Novatein Biosciences, Inc., Cambridge, MA). Total HYAL expression was
quantified against a standard curve generated by mouse HYAL with a linear range extending
from 3.12– 25 ng/ml per manufacturer's instructions.

4.8. Measurement of HYAL activity
A modification of a previously published assay was utilized to measure HYAL activity
(Frost and Stern, 1997). Plates (96-well) were coated with HA-BSA (0.2mg/ml) and then
blocked with 10% FBS in PBS for 1 hour. After washing with PBS, serially diluted HYAL
standards (Sigma) and equal amounts of protein from the dermal explant media (25μg) and
wound dermis (25μg) were added (as determined by Coomassie Plus and BCA [both
Pierce], respectively) for 1 hour at 37°C. Samples were then incubated with bHABP
(Millipore) at 3μg/ml in 10% FBS in PBS for 1 hour at room temperature. Subsequently, the
plates were washed and incubated for 20 minutes with peroxidase-labelled streptavidin
(1:500 dilution in 10%FBS in PBS), then washed and developed using 0.03% H2O2,
0.05mg/ml 2,2 Azino-bis (Sigma) in 0.1M sodium citrate, pH 4.2, and the optical density
read at 405nm after 20 minutes. Units of HYAL activity were calculated from a standard
curve and had a detection range of 2×10-4 units to 2 units per 25μg total protein.
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Highlights

1. HA content and size was similar in the normal dermis of young and aged mice.

2. Labeled dermal explants showed decreased generation of smaller forms of HA
in aged explants relative to young explants.

3. Total HA content was similar in young and aged wound dermis.

4. There was significantly less lower MW HA in 5 day wound dermis from aged
mice relative to young mice.
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Figure 1.
HA content in normal dermis was not significantly different with age. HA content in normal
dermis from mice of 4, 8, 16 and 24 months as analyzed by quantitative ELISA was similar
among all age groups (2.43+/-0.24, 3.01+/-0.97, 2.14+/-0.25, 2.24+/-0.15 μg total HA/mg
tissue, respectively; error bars are mean +/- SD, n=5-6 in each age group). HA size
distribution was also similar in young and aged mice in normal dermis.
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Figure 2.
Dermal explants from aged mice were less able to generate lower MW forms of HA than
those from young mice. Dermal explants from young (A) and aged mice (B) were wounded
and cultured for 48 hours in [3H]-glucosamine ([3H]GlcN) and the radiolabeled HA
(purified from the culture supernates) resolved by Sephacryl S-1000 column
chromatography. Results are expressed as the distribution HYAL-sensitive [3H]GlcN per
fraction. Three replicates (black circles, white circles, black triangles) per group were
analyzed. For each replicate shown in panels A and B, the fractions were distributed into
two pools representing high MW HA with a Kav of -0.05–0.15 (HMW HA–black bars) and
lower MW HA with a Kav 0.16–0.6 (LMW HA–white bars) and the total dpm for each pool
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measured and expressed as the percentage of the total dpm (C). Error bars represent the
mean +/- standard deviation of the three replicates for each sample. The samples from young
mice contained a higher percentage of lower MW HA than the samples from aged mice (C).
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Figure 3.
Repair of dermal wounds was delayed in aged mice versus young mice. Representative
examples of cutaneous wounds from young (A) and aged (B) mice are shown as cross-
sections stained with Masson's Trichrome. The wound dermis is indicated by asterisk (Bar =
1mm). Epidermal closure 0–9 days after wounding was significantly delayed in aged relative
to young mice (*p < 0.05, error bars are mean+/-SEM; **p = 0.004, error bars are mean+/-
SEM; ***p = 0.00006, error bars are mean+/-SEM, n=10 mice per age group up to 5 days,
then n=5 per age group at 7 and 9 days due to euthanasia timepoints) (C). Dermal repair was
significantly delayed in aged mice versus young mice, as measured by area of wounded
dermis at 5 days, but was no longer significant by 9 days after wounding, (*p < 0.05, error
bars are mean+/-SEM, n=5 mice per age group and time point) (D).
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Figure 4.
Aged mice have a lower proportion of low MW forms of HA than do young mice during
dermal wound repair. Wound dermis showed a trend of less HAS 2, 3 and HYAL 1–3
mRNAs in the aged wounds relative to the young wounds that was not statistically
significant (A, B). Expression of total HYAL protein in the dermis of young and aged mice
5 days after wounding was measured by quantitative ELISA (90μg total protein) and no
significant difference was noted in the 5-day samples, but there was a significant decrease
by 9 days (5.33+/-0.9ng versus 4.4ng+/-0.6ng at 5 days and 6.97+/-0.43ng versus
3.22+/-0.85ng at 9 days, error bars are mean+/- SD, n=5 each, *p<0.05) (C). There was a
trend toward decreased HYAL activity in aged dermal wounds relative to young dermal
wounds based on an assay with a detection range of 2×10-4 units to 2 units per 25μg total
protein (D). Wound dermis of young and aged mice contained similar quantities of total HA
(4.7-4.9 μg per mg tissue versus 4.0-5.5 μg per mg tissue in young versus aged wound
dermis, respectively, error bars are mean +/- SEM (E). HA size was then determined by gel
electrophoresis of equivalent amounts of HA extracted from the wound dermis of each
young and aged mouse (n=5 in each group). Densitometric analysis of individual samples
from each mouse demonstrated that 5-day dermal wounds of young mice had a significantly
greater percentage of total HA in the wound that was ~250 kDa and smaller than that of 5-
day wounds from aged mice (54+/-2% versus 38+/-3% at 5 days, error bars are mean+/-
SEM, n=5 each, *p<0.05) (F). Samples from 9-day wounds did not show statistically

Reed et al. Page 17

Matrix Biol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significant differences in HA size between wound dermis of young and aged mice (43+/-8%
versus 27+/-3% at 9 days, error bars are mean+/- SEM, n=5 each) (F).
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