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Abstract

Some prenatal pathological processes may be caused by biochemical and morphological alterations in the umbilical cord (UC).
EPH-gestosis is the most common pregnancy-associated pathological process. For these reasons the role of collagen and glycosaminoglycans (GAGS) of UC in pathobiochemistry of this syndrome seems be important. We studied histology of extracellular
matrix components, quantity, solubility and molecular polymorphism of collagen, proportional relationships between various types
of collagen, the amounts of GAGS and proportional relationships between them in Wharton’s jelly of control newborns delivered
by healthy mothers and those delivered by mothers with EPH-gestosis. We found that Wharton’s jelly is abundant in collagen and
GAGS. This collagen is very insoluble and resistant to the action of depolymerizing agents (4% EDTA-Na,, pepsin). Types I, III
and V collagens were isolated and quantified. Hyaluronic acid constitutes about 70%, whereas sulphated GAGS constitute about
30% of total GAGS. EPH-gestosis is accompanied by significant increase in sulphated GAGS: hyaluronic acid ratio. The EPHgestosis-associated alterations in Wharton’s jelly correspond to ‘premature ageing’ of this tissue.
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1. Introduction
The vascular system of mother and placenta plays an
important role in the intrauterine development of the
fetus [l]. The umbilical cord forms the connection
between the placenta and the fetus. The umbilical vessels
(one vein and two arteries) are surrounded by a distinct
connective tissue region called Wharton’s jelly. Extracellular matrix components of this tissue are not well
characterized. It is known that Wharton’s jelly contains
significant amounts of hyaluronic acid and some
sulphated glycosaminoglycans immobilized in an insoluble collagen libril network [2-41 but the amounts of
these substances, their heterogeneity and mutual quantitative relationships were not investigated.
Some prenatal pathological processes may be caused
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by biochemical and morphological alterations in the
umbilical cord [5-91. EPH-gestosis (EPH: edema, proteinuria, hypertension) is the most common, pregnancyassociated pathological process. For these reasons the
role of collagen and glycosaminoglycans (GAGS) of the
umbilical cord in the pathobiochemistry of this syndrome seems be important. It was previously found that
EPH-gestosis is accompanied by significant increase in
total amount of collagen, proportional increase in type
III collagen [lo], decrease of hyaluronic acid and proportional increase in sulphated GAGS contents in the
umbilical cord arteries [ 111.
In this study, we report histology of extracellular matrix components, quantity, solubility and molecular
polymorphism of collagen, proportional relationships
between various types of collagen, the amounts of
GAGs and proportional relationships between them in
Wharton’s jelly of control newborns delivered by

0301-2115/96/$15.00 0 1996 Elsevier Science Ireland Ltd. All rights reserved
PII: SO301-2115(96)02390-l

110

E. Batikowski er al. /European Journal of Obsterrics & Gynecology and Reproductive Biology 66 (19%)

healthy mothers and those delivered by mothers with
EPH-gestosis. Some of these parameters were compared
with those in the umbilical cord arteries (UCA).
2. Material and methods
2.1. Tissue material
Studies were performed on umbilical cords (UCs)
taken from 20 newborns. The control material was
taken from 10 newborns, delivered by healthy mothers,
aged 18-35 years, with normal blood pressure (systolic
< 140 mmHg, diastolic < 90 mmHg), without edema
and any symptoms or renal failure. The babies were
born between 38 and 42 weeks of gestation by
physiological delivery or by cesarean section. Their
mean body weight was 3625 f 665 g. The investigated
material was taken from 10 babies born to mothers with
EPH-gestosis, diagnosed according to criteria accepted
by the Organisation Gestosis [ 121. Severe and medium
cases of polysymptomatic gestosis (4-l 1 points of
gestosis index) were investigated. Seven of them had all
symptoms of gestosis: edema, proteinuria and hypertension, the rest demonstrated various combinations of two
symptoms. Their babies with a mean body weight
3225 f 805 g were born between 38 and 42 weeks of
gestation. Sections, 20 cm long, of UCs were excised
beginning from their placental end.
The Wharton’s jelly was carefully separated from the
umbilical cord vessels and submitted to both histological and biochemical studies.
2.2. Histological examinations
The samples taken from peri-placental, medial and
peri-fetal parts of each umbilical cord were fixed in Carnoy fluid and embedded in paraffin wax. Sevenmicrometre sections were stained with hematoxylin and
eosin (H + E), with Masson’s trichrome technique, impregnated with silver according to Gomori in order to
stain the reticulin fibres, and stained with coloidal iron
for glycosaminoglycans according to Hale [ 131.
2.3. Transmition electron microscopy (TEM)
Sections of 1 mm3-volume were fixed in 3.6% glutaric
aldehyde dissolved in phosphate buffer, pH 7.4 for 2 h
and postfixed in 1% osmium tetraoxide dissolved in
Millonig’s buffer, pH 7.4. After fixation they were subjected to dehydration in alcohol and propylene oxide
then embedded in Epone 812. Ultrathin sections were
contrasted with uranyl acetate and lead citrate. Ultrastructural evaluation was performed with the use of
Opton EM 900 PC electron microscope.
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2.4. Collagen determination
Collagen contents in individual samples of Wharton’s
jelly and in the UCAs were measured by the assay of
hydroxyproline (Hyp) as described by Prockop and
Udenfriend [14]. Since Hyp constitutes about l/8 (w/w)
of collagen weight, the approximate amount of this protein in the investigated tissue was calculated by multiplication of Hyp content by 8.
2.5. Collagen solubility assay
The Wharton’s jelly and the UCAs taken from 10 umbilical cords were combined, cut into small pieces, divided into four parts, homogenized and extracted
subsequently with 1 M NaCl and 0.15 M citrate (pH
3.7). The insoluble collagen was submitted to
depolymerization with 4% EDTA-Na, and then extracted with 0.2 M acetic acid. Mean and S.D. values
from four experiments were calculated. Details of this
procedure was described in a previous paper [lo].
2.6. Fractionation of collagen
The Wharton’s jelly and the UCAs taken from 10 umbilical cords were combined, cut into small pieces, divided into four parts and homogenized in 0.2 M acetic acid
with the use of glass homogenizer at 4°C. The homogenate was supplemented with pepsin (1 mg/ml) and incubated at 4°C for 24 h with continuous mixing. The
mixture was centrifuged at 25 000 x g, for 30 min. The
supematant was collected and the sediment was submitted to further digestions with pepsin in the same conditions. This procedure was repeated five times. During
the pepsin treatment the noncollagenous proteins were
digested to low molecular products and collagen became
soluble in 0.5 M acetic acid [IO]. Fractionation of the
solubilized collagen was performed by the method
described by Murata et al. [ 151. Collagen types were
identified by electrophoresis of collagen subunits and
cyanogen bromide peptide mapping. The quantities of
the particular collagen types were expressed as a percentage of total collagen content. Mean and SD. values
from four experiments were calculated.
2.1. Electrophoresis of collagen subunits
The products of collagen fractionation were denatured and submitted to electrophoresis in sodium
dodecyl sulphate/8% polyacrylamide gel (SDS/PAGE)
as described in a previous paper [lo]. Since type III collagen contains disulphide bonds between its subunits,
this sample was submitted to reduction with ditiotreitol.
The electrophoretic mobilities of both non-reduced and
reduced materials were compared.
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2.8. Cyanogen bromide (CNBr) peptide mapping
Collagen samples were dissolved in 70% (w/v) formic
acid at a concentration of 1 mg/ml and a lOO-fold excess
of CNBr was added. The mixture was incubated at 30°C
for 3 h. The reaction was arrested by adding IO-fold
distilled water and lyophilized. The ahquots of the
lyophilized peptides were subjected to SDS-PAGE [ 161.
2.9. Isolation, fractionation and determination of GAGS
The samples of Wharton’s jelly and the UCAs were
cut into small pieces and washed with physiological
saline. They were suspended in anhydrous acetone,
homogenized with a knife homogenizer and dehydrated
in the same solvent (4”C, 48 h). The homogenate was
defatted by extraction with mixtures of acetone:ether
(1:l) and methanol:chloroform (1:l) in room temperature for 48 h. Defatted material was dried in room temperature to a constant weight and submitted to the
isolation of GAGS. Three-hundred milligrams of the
material were suspended in 3 ml 0.1 M phosphate buffer, pH 6.5, heated in a boiling water bath for 10 mm,
cooled and supplemented with 1.8 ml of a solution, containing 0.5% papain, 0.005 M cysteine-HCl and 0.01 M
EDTA-Na2 in 0.1 M phosphate buffer, pH 6.5. The
hydrolysis was carried out at 65°C for 6.5 h with occasional shaking. The sample was centrifuged at
25 000 x g for 15 min. The supematant was collected
and the sediment was washed with the same phosphate
buffer and centrifuged in the same conditions. Both supematants were combined, cooled to 4°C deproteinized
by the addition of cold trichloroacetic acid to a final
concentration of 10% and left in room temperature for
15 min. The precipitated proteins were separated by centrifugation and discarded. The supematant (containing
dissolved GAGS) was collected, supplemented with
three volumes of cold acetone and left overnight at 4°C
in oJer to precipitate the GAGS. The precipitated
GAGs were centrifuged and dissolved in 2 ml 0.5 M sodium acetate and reprecipitated by the addition of three
volumes of cold ethanol (4”C, overnight). Precipitated
GAGs were centrifuged, dissolved in 1.5 ml distilled
water and reprecipitated by the addition of 1 ml 2%
cetylpyridinium chloride (CPC) in 0.04 M NaCl for 10
min at room temperature. The precipitated GAGs were
centrifuged at 25 000 x g, dissolved in 2 ml of 2 M
NaCl, reprecipitated by transfer to three volumes of
cold ethanol and left at 4°C for 24 h. After that time the
purified GAGS were centrifuged, dissolved in distilled
water and determined quantitatively by the assay of
uranic acid.
The purified GAGS were submitted to fractionation
on a microcolumn with CFll cellulose (0.3 x 6 cm),
equilibrated with 1% CPC. Samples of 0.4 ml volume,
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containing 20-40 pg of uranic acids were applied to the
column. The elution was performed with the use of the
following solvents: (A) 1% CPC; (B) 0.3 M NaCl; (C)
0.3
M MgClz; (D) 0.5% CPC in a solution containing: npropanol, metanol, acetic acid and water mixed in a
volume ratio of 40:20:1.5:38.5; (E) 0.75 M MgCl, in
0.6% acetic acid; (F) 0.75 M MgClz; (G) 1.25 M MgClz.
The solvents B, C, E and F contained 0.05% CPC. After
the application of each sample to the column and after
the elution of each GAG, the column was washed with
0.05% CPC. The fractionation was performed at 37°C.
Each fraction containing a particular GAG was collected into one test tube. Fraction D was evaporated at
100°C in order to remove the organic solvents and
dissolved in 1 ml of distilled water. Commercial
preparations of highly purified GAGS (Sigma) were
used as standards. The concentration of keratan sulphate in the eluate from the column was estimated by
the assay of hexosamines and the concentration of other
GAGs by the assay of uranic acids (for references see
till).
2. IO. Statistical analysis
Mean values from 10 experiments in each group f
S.D. were calculated. The results were submitted to
statistical analysis with the use of Students t-test, accepting P C 0.05 as significant.
3. ResuIts
3.1. Histology and ultrastructure of Wharton’s jelly
Wharton’s jelly appears to be a myxomatous substance surrounding the blood vessels of the umbilical
cord. The peri-placental section of the umbilical cord is
covered on the external surface with a monolayer plane
epithelium. In the per&fetal section of the umbilical cord
the Wharton’s jelly is covered with stratified squamous
epithelium with focal keratosis. Wharton’s jelly contains
a low number of cells. They are irregularly scattered
(Fig. la). Concentrations of cells were observed in the
subepithelial layer of the jelly and in the vicinity of large
umbilical cord vessels. Usually they are fusiform and
elongated. Numerous processes are apparent. The cytoplasm is abundant in mitochondria and in both smooth
and rough endoplasmic reticulum with dilated canals in
many places. Well developed Golgi apparatus and
numerous microtubules and microftbrils are apparent
(Fig. 4a).
The staining with Masson’s trichrome technique
demonstrated the presence of loosely arranged bundles
of collagen tibres running in various directions (Fig. la).
Their amount increases in the vicinity of large umbilical
cord vessels and their orientation becomes circular

112

E. Barikowski et al. /European Journal of Obstetrics & Gynecology and Reproductive Biology 66 (19%)

109-117

Fig. I. Histological picture of Wharton’s jelly of control newborns (a)
and those delivered by mothers with EPH-gestosis (b). Magnification
200 x . (a) Loosely arranged bundles of collagen fibres and elongated
cells are apparent. (b) Bundles of collagen fibres are more compactly
arranged with lower number of cells in comparison to control. Staining with Masson’s trichrome technique.

Fig. 2. Histological picture of Wharton’s jelly of control newborns (a)
and those delivered by mothers with EPH-gestosis (b). Magnification
200 x . (a) Network of elongated, parallel arranged reticulin fibres. (b)
Reticulin Iibres of chaotic arrangement and variable thickness. Impregnation with silver salts according to Gomori.

around the vessels. The fibres demonstrate weak
argyrophilic properties (Fig. 2a). They are immersed in
an amorphic substance which was identified as GAGS
(Fig. 3a). In the subepithelial area and in the region of
large umbilical cord vessels the reaction for GAGS was
more intensive. It was found in ultrastructural studies
that collagen fibres are accompanied by strongly
osmophilic microfibrils and a granular material (Fig.
4a). The single microfibrils are located between collagen
fibres. In some places, especially in the vicintiy of
bundles of collagen fibres and in the area of cells,
distinct concentrations of microfibrills were observed.
The Wharton’s jelly of newborns delivered by mothers with EPH-gestosis demonstrates similar histological
and ultrastructural features as that of control group but
some differences were observed. The collagen fibres
were locally more concentrated, irregularly arranged
and demonstrated variable thickness (Figs. lb, 2b).
More intensive reaction for glycosaminoglycans was
observed (Fig. 3b). Mezenchymal cells demonstrated

some symptoms of degeneration within cytoplasm, nuclei and mitochondria. In some places partial or total
disintegrations of cells were observed (Fig. 4b).
As can be seen from Fig. 5 collagen is a main component of Wharton’s jelly. It constitutes above 50% of the
weight of defatted, dry tissue. The amount of collagen
in the jelly is four times higher in comp&ison to the
UCA wall and in contrast to that it does not change in
EPH-gestosis.
Collagen of Wharton’s jelly was found to be resistant
to the action of collagen-solubilizing solution. As can be
Seen from Fig. 6 about 25% of collagen contained in the
UCA wall can be extracted from the tissue by the action
of 1 M NaCl, 0.15 M citrate, 4% EDTA-Na, and 0.2 M
acetic acid. In contrast, only 3% of total collagen can be
solubilized by 1 M NaCl. Only trace amounts of this
protein can be extracted by the action of other extracting solutions. EPH-gestosis does not affect the solubility of collagen in the investigated tissues (Fig. 6).
When homogenates of UCA were digested with pep-
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Fig. 3. Histological picture of Wharton’s jelly of control newborns (a)
and those delivered by mothers with EPH-gestosis (b). Magnification
200 x . (a) Strongly positive reaction for glycosaminoglycans in the
place of fibrillar structures and less apparent in amorphic areas. (b)
More fibrillar structures, more intensive reaction for glycosaminoglycans. Staining with coloidal iron according to Hale.

sin in acetic acid, almost the total amount of collagen
became soluble. In the case of Wharton’s jelly only 49%
of total collagen was solubilized. The rest (51%) remained in an insoluble form (non-shown on the figures). The
pepsin extracts were subsequently submitted to specific
fractionation to yield three main collagen fractions.
They demonstrate electrophoretic mobilities typical for
type I, III and V collagens (Fig. 7A) and CNBr-peptides,
characteristic for these collagen types (Fig. 7B) [16].
Proportional relationships between collagens of
various type are presented in Fig. 8. Both in arterial wall
as well as in Wharton’s jelly type I and type III collagens
were found to be the most abundant. However the proportional relationships between them were different. In
the wall of UCA they constituted about 63% and 25%
of total collagen, whereas in Wharton’s jelly 47% and
40%, respectively. Significantly more type III collagen
and proportionally less type I collagen were found in the
jelly. The proportional amount of type V collagen in

Biology 66 (19%)
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Fig. 4. Ultrastructure of Wharton’s jelly of control newborn (a) and
that delivered by mother with EPK-gestosis (b). (a) Mesenchymal cell
with large mitochondria (m) and dilated canals of endoplasmatic reticulum (e). In the immediate vicinity of the cell numerous microlibrils
(f) and collagen fibres (c) are apparent. TEM, magnification 7000 x .
(b) Fragments of mesenchymal cell with cytoplasmic processes (p) and
myelinic structures in cytoplasm (s). In the vicinity of processes
numerous, chaotically arranged microfibrils (f) and bundles of collagen fibres are apparent. TEM, magnigication 12 000 x

Wharton’s jelly was distinctly higher (12%) than in the
UCA wall (4%). In contrast to that the amount of other
(unidentified) collagens in Wharton’s jelly was very low
(Fig. 8). EPH-gestosis results in a distinct increase of the
proportional amount of type III collagen in the UCA
whereas in Wharton’s jelly only slight increase were
observed.
It was found that the total amount of GAGS in Wharton’s jelly is more than twice as high as that contained
in the UCA (Fig. 9) and in contrast to the UCA it grows
significantly by about 25% in subjects with EPHgestosis.
As can be seen from Fig. 10 both in the UCA and in
Wharton’s jelly hyaluronic acid (HA) is the most abundant component of GAGS. It constitutes about 40% in
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the UCA and much more (almost 70%) of total GAGS
in Wharton’s jelly. Proportional amounts of sulphated
GAGS: keratan sulphate (KS), heparan sulphate (HS),
(C4S), chondroitin-6-sulphate
chondroitin4sulphate

(C6S), dermatan sulphate (DS) are distinctly lower in
Wharton’s jelly than in the UCA. Each of them constitutes only a few percent of total GAGs of Wharton’s
jelly. Only a trace amount of heparin (Hep) was found.
It is worthy of note that EPH-gestosis results in a
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Fig. 7. (A) SDS/PAGE of various collagen types isolated from Wharton’s jelly. Types of collagen are marked at the bottom. The position
of q(1) and q(I) subunits are marked in the left margin. Nonreduced type III collagen does not penetrate the gel. Only a trace
amount of ~~~(111)
is visible. Reduction of disulphide bonds results in
appearance of this subunit. Type V collagen subunits: q(V) and
uz(V, demonstrate lower electrophoretic mobility due to their higher
molecular weight. (-) without reduction; (+) reduced with
dithiothreitol. (B) Electrophotetic mobility of CNBr-peptides obtained by degradation of various collagen types isolated from Wharton’s
jelly.
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distinct decrease in proportional amounts of hyaluronic
acid and an increase in most of the investigated
sulphated GAGS, both in the UCA and in Wharton’s
jelly (Fig. 10).
It is apparent from Fig. 11 that EPH-gestosis is accompanied by the increase of total sulphated GAGS:
hyaluronic acid ratio, both in the UCA and in Wharton’s jelly.
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Fig. 1I. Sulphated GAGs: HA ratio in UCA and Wharton’s jelly
(n = 10).

4. Discussion
Fibroblasts and myofibroblasts are the main cellular
components of Wharton’s jelly. It was suggested that
they may contribute to the elasticity of Wharton’s jelly
by synthesizing collagen fibres and to participate in the
regulation of umbilical blood flow by virtue of their contractile properties [ 171. The mast cells (producers of
some sulphated GAGS) were found in Wharton’s jelly,
most frequently in close proximity to the three blood
vessels [18].
It can be apparent from our results that Wharton’s
jelly is a collagen-rich tissue. The amount of collagen in
this tissue is four times higher than that contained in the
wall of UCA. Collagen of the Wharton’s jelly is very insoluble in neutral salt (1 M NaCl) and in a slightly acidic
solution (0.15 M citrate, pH 3.7) and appears to be resistant to the action of depolymerizing agent (4% EDTANa,). EPH-gestosis does not affect the solubility of
Wharton’s jelly collagen.
It is known that polymeric collagen treated with pepsin in acetic acid becomes soluble in acidic solutions.
Almost the total amount of collagen of the UCA was
solubilized in these conditions [lo]. In contrast to that,
despite long-lasting digestion with pepsin, less than half
of Wharton’s jelly collagen became soluble in 0.5 M acetic acid.
The extremely low solubility of Wharton’s jelly collagen is an unexpected phenomenon. Usually, large proportion of collagen may be extracted from the tissues of
young subjects. A decrease in collagen solubility is
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usually associated with the ageing process. It is
attributed to age-related increase in covalent and noncovalent cross-links between collagen subunits. It seems
rather unlikely that collagen of Wharton’s jelly is a highly cross-linked material. Obviously, stabilization of
collagen libres may occur by other means. An increase
in the number of weaker forces that stabilize macromolecules and their aggregates, such as Van der Waals
bonds, ionic interactions, hydrophobic bonds, and combination of such forces, could account for changes in the
physical and chemical properties of collagen flbres.
High concentrations of glycosaminoglycans and proteoglycans surrounding the collagen fibres may also
affect the solubility of this protein. The negatively
charged sulphated glycosaminoglycans are able to
develop strong ionic bonds with the positively charged
amino acids on the surface of collagen libres, particularly lysine, hydroxylysine and arginine [ 191. Such complexes may make the collagen less soluble and the jelly
more compact. Furthermore, the low solubility may be
evoked by a relatively high proportional amount of type
III collagen. It is well known that collagen of this type
demonstrates lower solubility than type I collagen [ 191.
The low susceptibility of Wharton’s jelly collagen on
the solubilizing action of pepsin may result from limited
access of the enzyme (pepsin) to the substrate (polymeric
collagen) surrounded by glycosaminoglycans.
Fractionation of the solubilized collagen by differential salt precipitation made it possible to separate four
collagen fractions. Three of them were identified by
PAGE and cyanogen bromide peptide mapping as type
I, type III, and type V collagens and proportional relationship between them were calculated. The fourth
(unidentified) fraction constituted about 1% of total collagen. Ryynanen et al. [4] reported that the tibroblastlike cells, isolated from Wharton’s jelly are able to synthesize type VII collagen (at least in vitro). It may be
suggested that the unidentified collagen fraction contains type VII collagen. It is of interest that the proportional amount of type III collagen in Wharton’s jelly is
very high. It is a rule that type I and type III collagens
co-exist in most human soft tissues. Type I always
dominates over type III [19]. As can be seen from our
results EPH-gestosis results in a slight increase of the
proportion of type III collagen in Wharton’s jelly.
It is known that the state of the umbilical cord plays
an important role in pathology of the fetus [ 11.The stricture of the umbilical cord usually accompanied by torsion and characterized by fibrosis of Wharton’s jelly and
a thickening of the vascular wall which obstructs the
fetoplacental circulation, lead to anoxia and fetal death
[5]. A localized absence of Wharton’s jelly in the involved area of the cord is believed to be the etiologic factor
in the constriction and subsequent torsion [6]. Gestational diabetes is accompanied by alteration in the distribution pattern of collagen Iibres in Wharton’s jelly
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with large empty spaces amongst them. It is suggested
that gestational diabetes exerts a deleterious effect on
umbilical vessels and the connective tissue component of
Wharton’s jelly [7]. According to Silver et al. [S] a shortage of Wharton’s jelly in the umbilical cord increases
the risk of cord compression in prolonged pregnancy.
Umbilical cord anomalies, e.g. absence of Wharton’s
jelly may result in antenatal fetal death [9]. It was suggested that pathology of the umbilical cord occurs frequently but often goes unreported by obstetricians due
to the fact that umbilical cords are not carefully examined in all cases of stillbirth [5].
HA is the most abundant component of GAGs contained in Wharton’s jelly. It has a tendency to form
hydrated gels and can therefore contribute significantly
to the elastic properties of Wharton’s jelly [20]. It is well
known that HA is commonly present in embryonic tissues, particularly at early stages of their development
and then it is replaced by sulphated GAGS. It is of interest that EPH-gestosis is accompanied by premature
replacement of hyaluronic acid by sulphated GAGS,
both in the UCA and in Wharton’s jelly. It allows to
conclude that EPH-gestosis induces ‘premature ageing’
of the umbilical cord tissues.
The EPH-gestosis-associated changes in extracellular
matrix of the umbilical cord arteries and in Wharton’s
jelly may be responsible for various disturbances of arterial wall function. A decrease in HA content in the
UCAs and in Wharton’s jelly with simultaneous
increase of collagen content in the UCAs may affect
mechanical properties of the umbilical cord and disturb
the fetal blood circulation.
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