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ABSTRACT

Purpose: We investigated the composition of collagen and glycosaminoglycans (GAGs) in the
corpus cavernosum (CC) and tunica albuginea (TA) of normal human penises.
Materials and Methods: Penises were obtained from a 6-month-old child (group 1), a 2-year-old
child (group 2), 18 to 34-year-old adults (group 3), 37 to 53-year-old adults (group 4) and 22
fetuses at 17.2 to 33.3 menstrual weeks (group 5). Total GAG and collagen concentrations were
expressed per mg dry tissue and proportions of GAG species were determined by agarose
electrophoresis and ion exchange chromatography.
Results: The GAG concentration in group 1 CC and TA was 1.32 and 0.52 g/mg, respectively,
and thereafter it increased noticeably. TA collagen concentration followed a similar pattern. TA
had more collagen than CC in groups 3 (mean ⫾ SD 93.41 ⫾ 6.17 vs 53.77 ⫾ 11.18 g/mg,
p ⬍0.001) and 4 (89.94 ⫾ 5.53 vs 55.39 ⫾ 5.89 g/mg, p ⬍0.01). In these groups TA and CC
differed markedly in the proportion of hyaluronan, heparan sulfate and dermatan sulfate. In TA
group 4 had slightly less hyaluronan and more chondroitin sulfate than group 3 but in CC the
GAG proportions were similar. Collagen content in the whole fetal penis correlated with gestational age (r ⫽ 0.78, p ⬍0.001).
Conclusions: Collagen and the GAG concentration in the human penis undergo extensive
modifications during development and shortly after birth but from ages 2 to approximately 46
years changes are limited to the proportion of GAG species in TA from older individuals.
Reflecting diverse biomechanical roles, the extracellular matrix of CC and TA are markedly
different.
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The trabeculae of the corpus cavernosum and tunica albuginea are major penile structures involved in erection.1 They
are made up of endothelial cells, smooth muscle cells2– 4 and
extracellular matrix, of which the main components are collagens,5 elastic fibers6 and proteoglycans/glycosaminoglycans (GAGs).7 Histochemical and immunohistochemical
analyses, of which some were associated with morphometry,
have characterized structural components in the erectile tissue of human adults2, 6 and more recently these techniques
have been used to investigate connective tissue in the human
fetal penis.3, 4 However, the biochemical composition of human penile extracellular matrix in fetal or postnatal samples
is still poorly known, especially with regard to GAG.
Qualitative and quantitative alterations in the corpus cavernosum and tunica albuginea, including those resulting
from aging, pathological conditions and social habits such as
smoking, have been associated with erectile dysfunction.8
Indeed, aging adversely affects the normal function of penile
erectile structures, leading to modifications in cellular
growth and to remodeling of the extracellular matrix,9 although changes in collagen have been reported to be less
pronounced.10 In addition, modifications of extracellular matrix components are often detected in penile samples from

impotent men.5, 10 However, there are sparse data on proteoglycan composition in penile erectile tissue,7 especially in a
sample spanning a broad age interval. In addition to providing important information for experiments of the pathophysiology of penile disorders, data on penile extracellular matrix
might also be beneficial for investigations of techniques of
surgical reconstruction of the penis, especially those using
different materials.11
Therefore, in the current study we investigated the biochemical composition of the normal human penis extracellular matrix by analyzing collagen and GAG. We used penises
from fetuses at various gestational ages as well as postnatal
samples. The latter included specimens from children and
adults with the corpus cavernosum and tunica albuginea
analyzed separately.
MATERIALS AND METHODS

Preparation of tissue samples. Postnatal samples were obtained from a 6-month-old child, a 2-year-old child and various adults divided into the groups adults I and adults II, in
which the approximate age ranges were 18 to 34 and 37 to 53
years, respectively. The actual number of samples and mean
age in these latter 2 groups varied according to the experiment and they are indicated when appropriate. Postnatal
samples were obtained during autopsy, consisting of the corpus cavernosum and its associated tunica albuginea, which
were analyzed separately. These tissue samples were dissected from the mid shaft and did not include the deep
cavernous artery.
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The 22 fetal penises could not be reliably dissected into the
corpus cavernosum and tunica albuginea. Since we wanted to
compare fetal and postnatal penises, we took from the former
only the external mid third and discarded its skin. This
resulted in small tissue samples, which were analyzed entirely and only for collagen. The fetuses died of causes not
related to the urogenital tract and they were fresh, macroscopically well preserved and showed no external signs of
congenital malformation. Gestational age determined in
menstrual weeks using the foot length method12 was 17.2 to
33.3 weeks.
Immediately after dissection tissue samples were fixed in
cold acetone and kept in this fixative for 24 hours at 4C.
Samples were then finely minced and submitted to 2 changes
of 24 hours each in 40 ml chloroform, namely methanol (2:1
volume per volume) at room temperature. The solvent was
then decanted and after incubation at 60C for 30 minutes a
preparation of dry and defatted penile tissue was obtained
and weighed.
GAG extraction, identification and quantitation. Procedures for the extraction, purification, identification and
quantitation of GAG were done as described in detail previously.13 Briefly, about 15 to 25 mg of dry penile tissue samples were digested with twice crystallized papain (Sigma
Chemical Co., St. Louis, Missouri) and free GAG chains in
the supernatant were isolated by precipitations with
cetylpyridinium chloride and ethanol. The amount of GAG in
this preparation was assessed by a hexuronic acid assay and
it is expressed in g hexuronic acid per mg dry defatted
tissue. Identification of the different GAG species was accomplished by agarose gel electrophoresis combined with analysis of the susceptibility of individual GAG bands to degradation by chondroitin AC and ABC lyases (Sigma Chemical Co.)
and nitrous acid. For the quantitation of individual GAG
species total GAG was fractionated by ion exchange chromatography on DEAE-Sephacel columns (Pharmacia, Uppsala,
Sweden) equilibrated with 0.05 M sodium acetate buffer, pH
6.0, containing 0.1 M NaCl and eluted with a linear NaCl
gradient from 0.1 to 0.9 M in this buffer and at a flow rate of
13 ml per hour. Proportions of hyaluronan, heparan sulfate
and dermatan sulfate plus chondroitin sulfate were determined by calculating peak areas in the elution profiles. The
individual proportions of dermatan sulfate and chondroitin
sulfate were assessed by agarose gel electrophoresis, followed
by densitometry of toluidine blue stained bands using Scion
Image, version 4.0.2 software (Scion Corp., Frederick, Maryland). Proportions are expressed as a percent of total GAG.
Determination of collagen concentration. The concentration
of total collagen in dry preparations of penile tissue was
determined by a hydroxyproline assay. Thus, about 10 to 15
mg of tissue sample were hydrolyzed in 6 N HCl,14 after
which hydroxyproline was assayed, as previously described.13 Results are expressed as g hydroxyproline per mg
dry defatted tissue.
Statistics. Statistical procedures were done as described
previously.14 Concentrations of total collagen and GAG were
compared using the Wilcoxon 2-sample test. The statistical
association between fetal age and the penile collagen concentration was investigated by linear regression analysis, followed by the t test for the correlation coefficient. Results are
shown as the mean ⫾ SD with statistical significance considered at p ⬍0.05.
RESULTS

At age 6 months the concentration of total GAG in the
corpus cavernosum and tunica albuginea was 1.32 and 0.52
g/mg, respectively, and thereafter it increased noticeably in
postnatal penises (fig. 1). However, in the age groups 2 years,
adults I and adults II concentrations did not change significantly. On the other hand, the GAG concentration in the

FIG. 1. Total GAG in corpus cavernosum (open bars) and tunica
albuginea (black bars) from postnatal penile samples in age groups 6
months (1 subject), 2 years (1 subject), adults I (14 subjects with
mean age of 24.50 ⫾ 4.35 years) and adults II (5 subjects with mean
age of 43.60 ⫾ 6.69 years) was extracted by papain digestion and
precipitation with cetylpyridinium chloride, and quantitated by hexuronic acid (HexUA) assay. Results are shown as g hexuronic acid
per mg dry tissue. GAG concentration in corpus cavernosum was
significantly different from that in tunica albuginea in adults I and
II (Wilcoxon 2-sample test p 0.01 and 0.02, respectively). However,
there were no significant differences when GAG concentration in
corpus cavernosum or tunica albuginea was compared between these
age groups. Bars represent mean ⫾ SD.

corpus cavernosum was significantly higher than that in the
tunica albuginea in adults I (1.92 ⫾ 0.56 vs 1.09 ⫾ 0.32
g/mg, p ⬍0.01) and II (2.07 ⫾ 0.35 vs 1.41 ⫾ 0.29 g/mg,
p ⬍0.02). The collagen concentration in postnatal tunica albuginea followed a similar pattern with homogeneously
greater values from age 2 years and thereafter compared
with the 6-month-old sample (78.89 g/mg) (fig. 2). However,
in corpora cavernosa the concentration was approximately
the same in all age groups studied. Additionally, the collagen
concentration in the tunica albuginea was much higher compared with that of the corpora cavernosa in adults I (93.41 ⫾
6.17 vs 53.77 ⫾ 11.18 g/mg, p ⬍0.001) and II (89.94 ⫾ 5.53
vs 55.39 ⫾ 5.89 g/mg, p ⬍0.01).
The relative concentration of individual GAG species in the
penis was determined by a combination of ion exchange chromatography and agarose gel electrophoresis using samples
from the groups adults I and II (fig. 3). In the tunica albuginea dermatan sulfate was the predominant species, representing approximately 45% of total GAG, whereas heparan
sulfate was present in minor amounts (approximately10%)
(fig. 3, A). Furthermore, in this tissue adults II tended to
have slightly less hyaluronan (20.4% ⫾ 11.9% vs 26.7% ⫾
5.2%) and more chondroitin sulfate (26.0% ⫾ 10.7% vs 17.5%
⫾ 6.7%) than adults I. However, in the corpus cavernosum
the overall proportions of GAG species were similar in the 2
age groups but they differed markedly from those in the
tunica albuginea (fig. 3, B). Thus, in addition to hyaluronan,
which was the prevailing GAG (approximately 37%), the
relative contents of heparan sulfate (approximately 26%) and
dermatan sulfate (approximately 19%) were noticeably different in comparison to the corresponding values for tunica
albuginea.
Fetal samples consisted of the whole mid third of the penis
and they were analyzed for collagen concentration only. Plotting concentration values against fetal age showed a strong
and positive correlation (r ⫽ 0.7837, p ⬍0.001) with values
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FIG. 2. Total collagen in corpus cavernosum (open bars) and tunica albuginea (black bars) from postnatal penis samples in age
groups 6 months (1 subject), 2 years (1 subject), adults I (14 subjects
with mean age of 24.50 ⫾ 4.35 years) and adults II (5 subjects with
mean age of 43.60 ⫾ 6.69 years). Tissue samples were submitted to
acid hydrolysis, followed by hydroxyproline (OH-pro) assay to estimate collagen concentration, which is expressed as g hydroxyproline per mg dry tissue. Collagen concentration in corpus cavernosum
was significantly different from that in tunica albuginea in adults I
and II (Wilcoxon 2-sample test p 0.001 and 0.01, respectively). However, there were no significant differences when collagen concentration in corpus cavernosum or tunica albuginea was compared between these age groups. Bars represent mean ⫾ SD.

almost doubling from gestational ages 17 (approximately 33
g/mg) to 33 (approximately 56 g/mg) weeks (fig. 4).
DISCUSSION

Our results in the fetal penis showed that the collagen
concentration increased steadily and almost doubled its
value from gestational ages 17 to 33 weeks, suggesting that
important developmental changes relating to the penile extracellular matrix occur in this period. Similar extracellular
matrix remodeling has been found in the human fetal bladder, in which the collagen content also increases with gestational age.15 Furthermore, if the average postnatal collagen
concentration is considered, a 6-month-old individual has a
slightly higher value than a fetus at week 33, which indicates
that the gradual increase seen during development continues
shortly after birth. However, it should be pointed out that
collagen as well as GAG concentrations in the corpus cavernosum and tunica albuginea remain unchanged from ages 2
to 36 to 53 years. Thus, the hormonal alterations that markedly affect penile morphology and function with the onset of
adolescence have little or no effect on the overall collagen and
GAG composition of penile erectile tissues. Consequently
these morphological changes should mainly involve the reorganization of cells and/or other extracellular matrix components such as elastic fibers. Indeed, using scanning electron
microscopy Shen et al reported that reorganization of cells
and elastic fibers occurs in the rat penis as a result of aging.16
In addition to differences in the concentrations of total
collagen and GAG, the extracellular matrix of the corpus
cavernosum and tunica albuginea also differed markedly
with respect to the relative contents of GAG species. Such
differences, which reflect the diverse morphological organizations of these tissues and their distinct roles in erection,
have also been described in a report that, however, restricted
analyses to GAG in the normal adult tissue.7 In that report

FIG. 3. Relative content of different GAG species in tunica albuginea (A) and corpus cavernosum (B) from human penises in adults I
(open bars) and adults II (black bars) age groups. Total GAG preparations were fractionated by ion exchange chromatography on
DEAE-Sephacel, which yielded 3 peaks corresponding to hyaluronan
(HA), heparan sulfate (HS), and mixture of chondroitin sulfate (CS)
and dermatan sulfate (DS). Chondroitin sulfate and dermatan sulfate in last peak were resolved by agarose gel electrophoresis, followed by densitometry of stained bands. Proportion of each GAG was
then determined by calculating peak areas in elution and densitometric profiles, and expressed as percent of total GAG. Bars represent mean ⫾ SD of adults I (4 subjects with mean age of 23.25 ⫾ 2.22
years) and adults II (2 subjects with mean age of 46.00 ⫾ 9.89 years)
(A), and adults I (5 subjects with mean age of 25.40 ⫾ 3.21 years) and
adults II (2 subjects with mean age of 47.00 ⫾ 8.48 years) (B).

the total GAG concentration, and the relative contents of
dermatan sulfate and heparan sulfate in the corpus cavernosum and tunica albuginea are similar to our results. On the
other hand, the reported relative content of approximately
30% for hyaluronan in these 2 tissues are at variance with
our results, which showed that the corpus cavernosum has
almost twice as much of this GAG as the tunica albuginea. In
fact, our findings agree with well established data indicating
that fibrous, collagen enriched tissues often have much less
hyaluronan than looser, more hydrated ones.17 Because the
age groups in the 2 studies were similar, these conspicuously
contrasting results might be attributable to the sources of
tissue samples since ours were from normal subjects who
died of accidents, whereas those in the mentioned report
were obtained during surgery for penile cancer. Indeed, in
vitro studies have shown that hyaluronan synthesis is increased in malignant tumors and metastases.18 Our results
also showed that samples of tunica albuginea from individuals at a mean age of 46 years had slightly different proportions of hyaluronan and chondroitin sulfate compared with
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creases markedly when GAG or collagen is experimentally
degraded.20 Our results show that the tunica albuginea and
corpus cavernosum, which have different biomechanical roles
in the physiology of erection,1 have distinct extracellular
matrices. Therefore, their compositions should be considered
in studies of the surgical reconstruction of penile tissues.
This might improve the overall efficiency of such techniques,
especially when they involve the selection and/or preparation
of other materials, for example allograft processed skin or
synthetic fibers.11
CONCLUSIONS

The extracellular matrix of the human penis changes noticeably during development and shortly after birth but from
ages 2 to approximately 46 years there are only slight modifications in GAG proportions in older individuals. In line
with their diverse roles in erection the extracellular matrix
composition of the corpus cavernosum and tunica albuginea
are markedly different.
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