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ABSTRACT

Previous studies have shown that the invasion of V2 carcinoma
cells in the rabbit mesentery is associated with marked extra
cellular matrix synthesis leading eventually to an overall increase
in mesenterio mass. The purpose of the present study was to
investigate the structural and biochemical composition of the
extracellular matrix in tumor-free parts of rabbit mesenteries at

various stages after intraperitoneal implantation of V2 carcinoma
cells. The overall thickness of the tumor-implanted mesenteries

increased progressively and peaked at about Day 14, when it
was about 8 times greater than the untreated or liver-implanted

controls. This was mainly the result of an accumulation of extra
cellular matrix components. In particular, there was a marked
increase in both collagen fibers and proteoglycan granules, as
well as filaments, probably hyaluronic acid, as visualized by
ruthenium hexammine trichloride. Stereological analysis showed
a 6-fold increase in collagen fibers and a significant increase in

the density and average diameter of proteoglycan granules.
Biochemical analysis revealed a marked elevation in uronic acid
content in the tumor-implanted mesenteries. Specifically, they

contained 2.6 and 8.6 times the amount of hyaluronic acid and
chondroitin sulfate, respectively, than did controls. Furthermore,
the relative percentage of chondroitin sulfate was elevated mark
edly (26 versus 6% in controls). However, the content of heparan
or dermatan sulfate did not vary significantly. Stereological anal
ysis of the fibroblasts showed that their absolute number had
doubled and that the cell volume of the individual fibroblast had
increased markedly. This suggests that the fibroblasts were
responsible for the excessive production of the extracellular
matrix. These results support the concept that carcinoma cells
can modulate their surrounding extracellular environment by
stimulating the synthesis of connective tissue in the host mes-

enchymal cells.

INTRODUCTION

Current views (1-3) indicate that neoplastic cells can modulate

their surrounding extracellular environment by at least three,
often interrelated mechanisms: (a) abnormal production of extra
cellular matrix; (b) abnormal degradation of extracellular matrix;
and (c) induction of matrix biosynthesis by host stromal cells,
also known as desmoplasia. During tumor development one of
these three basic mechanisms may become predominant or all
of these may take place simultaneously in different locations of
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the same tumor (1). In particular, the process of excessive
connective tissue formation around growing neoplasms is a well-

recognized phenomenon, and it appears to be more accentuated
in some invasive carcinomas of breast, prostate, pancreas, and
large bowel (4, 5). Desmoplasia may be so accentuated that it
may be solely responsible for the clinical presentation of the
tumor as a "lump" (6). In our previous studies we have demon

strated that several human tumors exhibit aberrant contents of
certain glycosaminoglycans (7) and that tissue extracts of human
colon carcinoma (4) contain a 12-fold increase in chondroitin

sulfate when compared with normal colon. Subsequent studies
(8) have indicated that human colon carcinoma tissue in organ
culture synthesizes high amounts of chondroitin sulfate proteo
glycan and that the major source of the sulfated proteoglycans
is the connective tissue surrounding the tumor cells (4). There
fore, our findings have raised the possibility that the neoplastic
cells may induce proteoglycan production by host mesenchymal
cells and that this results in an abnormal accumulation of sulfated
proteoglycans which are generally present in only trace amounts
in the normal state. This concept is supported by a recent study
(6) demonstrating that the desmoplastic reaction occurring in
certain human breast carcinomas manifests a 10-fold increase

in type V collagen which is synthesized primarily by host con
nective tissue cells. In both this work and ours, the phenomenon
observed is basically similar, namely an increased production of
a specific matrix component by adjacent host stromal cells. To
date, the factors that are involved in regulating the interaction
between tumor and host mesenchymal cells are virtually un
known.

Here we have extended this line of research to an experimental
animal model using implantation of V2 carcinoma cells into the
peritoneal cavity of rabbits. It has been shown that, apart from
tissue destruction (9,10), invasion of V2 carcinoma cells into the
mesentery is associated with an overall increase in mesenteric
tissue in areas free of neoplastic involvement. This process
includes: (a) multiplication of host connective tissue cells; and (b)
enhanced production of fibrillar and non-fibrillar constituents of

the extracellular matrix (11).
In the present study we have characterized the glycosamino-

glycan content of the mesentery of normal, liver-implanted, and
V2 carcinoma-implanted animals. Furthermore, we have investi

gated the ultrastructural changes in proteoglycans and collagen
that occur in the extracellular matrix. The results indicate that
tumor-free parts of the mesentery from the V2-implanted rabbits

expressed a marked increase in hyaluronic acid and chondroitin
sulfate content and that the number and size of the proteoglycan
monomers observed ultrastructurally increased concomitantly.
The results support the concept that tumor cells may modulate
their surrounding environment by inducing a proteoglycan-rich

extracellular matrix.
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NEOPLASTIC MODULATION OF EXTRACELLULAR MATRIX

MATERIALS AND METHODS

Animals. Swiss silver rabbits, at the age of 5-7 months, were given

injections intraperitoneally with 5 ml each of a suspension of V2 carci
noma cells, a tumor which is routinely propagated by intraperitoneal
implantation in rabbits. Previous investigations (10) have shown that the
neoplastic cells colonize primarily the omentum and, to a lesser extent,
adhere to other organs in the abdominal cavity. Control animals were
either untreated or injected intraperitoneally with rabbit liver homoge-

nates. The V2 carcinoma has a predilection for the omentum, where it
forms large nodules, but is also adheres to the mesentery, where it
generally forms smaller neoplastic nodules (10). For this study a total of
20 animals was used, and animals were sacrificed at Day 3-4 (early
stage), Day 7-9 (middle stage), and Day 12-16 (late stage).

Morphological Studies. The control, liver-, and tumor-implanted ani

mals were sacrificed by an intravenous overdose of sodium nembutal,
and the mesenteric tissue was excised under reproducible conditions of
stretching and held in this state throughout the subsequent stages of
tissue processing (10). To preserve the extracellular matrix, 0.4% RHT3

(Johnson Matthey Chemicals, Royston, U. K.) was added to all the
following fixatives and washing solutions (12). Prefixation was performed
for 2 h at room temperature in 2% glutaraldehyde:1% formaldehyde
freshly prepared from paraformaldehyde, 0.05 M sodium cacodylate
buffer, pH 7.0. After three washes (0.05 M sodium cacodylate, 0.15 M
NaCI, pH 7.4), the tissue was postfixed for 2 h at room temperature with
1% OsO4 in 0.1 M sodium cacodylate buffer, 0.1 M NaCI, pH 7.2. The
specimens were washed three times in the same buffer, dehydrated
through graded ethanols, and embedded in Epon.

Mesenteric areas free of blood vessels and, in the case of V2-

implanted animals, without tumor nodules, were examined in vertical
sections. For light microscopy, 0.7-jum sections were stained with 1%

toluidine blue in 1% aqueous borax and photographed in a Zeiss Axiomat.
Thin sections were mounted on formvar-coated grids, stained with uranyl

acetate and lead citrate, and examined in a Zeiss EM 10 CR electron
microscope operated at 80 kV.

Quantitative Studies. The diameter of collagen fibrils was measured
using profiles of cross-sectioned fibers. Twenty fibrils within fibers and
20 single fibrils were randomly selected per animal. Similarly, 20 proteo-

glycan granules associated with collagen fibrils within fibers and 20
proteoglycan granules which were not associated with collagen fibrils
were randomly selected per animal. The diameter of fibrils and granules
was measured on micrographs at a final magnification of x72,000 using
a x8 magnifier with a 0.1-mm scale. The magnification was calibrated

using a carbon grating replica with 21,600 lines/cm (Balzers Union,
Balzers, Liechtenstein).

For stereological analysis, data were collected from light micrographs
using standard techniques (13,14). Ten mesenteries were analyzed: five
from controls and five from V2 carcinoma-implanted animals in middle to

late stages. Three random blocks from each animal provided three
random sections. Three random light micrographs were taken per block,
using an oil immersion objective. The final magnification used for the
measurement was X1500. This gave, on the average, a length of about
1 mm of cross-sectioned mesenteric tissue per animal or 3-5 and 25-
50 mm2 of connective tissue per control and carcinoma-implanted animal,

respectively. The magnification was calibrated using an object microm
eter with 10-iim intervals. An appropriate sample size was determined

statistically (13).
The volume density (W) of the collagen fibers and fibroblasts was

estimated using the equation of Glagolev (13,14). The test area (Ar) was
calculated using AT = ls (di + d2)/2, where d, and d? is the mesenteric

thickness at both sides of the test area on each micrograph and ls the
distance between d, and d2- The distance between two neighboring
points of the test system (simple square lattice) was selected to be
similar to the diameter of the largest collagen fiber and fibroblast profiles,

3The abbreviation used is: RHT. ruthenium (III) hexammine trichloride.

respectively (14). To overcome systematic counting errors, the test
system was oriented at 19Â° to the mesenteric membrane (14). The

average volume (V) of the proteoglycan granules was calculated from
their mean diameter, assuming sphericity (4) [V = (4/b)irr3}.

For collagen fibers, the values of the Vv and the absolute amount per
mesenteric length were corrected using the factor K, for cylindrical
objects of infinite length (14): K, = 1/(1 + t/d), where f is the section

thickness (0.7 Â¿im)and d is the average diameter of the collagen fibers,
;'.e., 2.0 Â±0.3 ^m and 3.2 Â±0.7 Â¿Â¿mfor controls and tumor-implanted

animals, respectively. The diameter of each fiber was determined using
d = (dmÂ«+ dirÂ«n)/2,where dmÂ«and dâ„¢,are the maximum and minimum
size of the diameter of the profile of the cross-sectioned fiber. The

numerical density (Nvl) of the fibroblasts was estimated using the method
ofWeibel(14):

NV = - -T- or:

where NA is the number of nuclear profiles of fibroblasts per test area
(13) and Vv is the volume density. The size distribution coefficient K was
set arbitrarily equal to 1, and a value of 1.382 was assumed for the
shape coefficient ÃŸ,i.e., the value for spheres. These assumptions
appeared to be appropriate, since the formula represents an approxi
mation, and the differences between control and V2 carcinoma-implanted

animals were large.
In addition, the absolute amount of collagen fibers and fibroblasts in a

tissue column perpendicular to the mesenteric membrane was estimated
by LC - AJÃ•,,where Lc is the average total profile length of a structural

component (c) on a test line perpendicular to the mesenteric membrane.
AC is the total profile area of c and ls is the length of the test area as
described above. The average volume of individual fibroblasts was
estimated by V, = VV/NV.

The statistical significance of differences between control and tumor-
implanted animals was estimated using Student's f-test.

Isolation and Characterization of Glycosaminoglycans. Because of
the small amount of sample (less than 200 mg average), it was impossible
to study in detail the intact proteoglycans of normal and tumor-implanted

mesenteries. Therefore, the analysis was focused on characterizing the
glycosaminoglycan moieties. Mesenteries from control or liver-implanted

and V2 carcinoma rabbits (free of tumor nodules) were excised and
lyophilized. Glycosaminoglycans were isolated from each sample as
described previously (4) with minor modifications. Briefly, to each sample
an aliquot of [35S]sulfate-labeled heparan sulfate proteoglycan (approxi
mately 50,000 cpm/sample) was added (15). This 35S-labeled proteogly

can was used to calculate the percentage of recovery during all of the
purification steps thereafter. The lyophilized samples were delipidized in
ethanol (2:1, v/v) overnight and then in ether/ethanol (4:1, v/v) for 2 h.
The supernatants were discarded, the samples were dried in an oven at
60Â°Cfor 1 h, and the dry defatted weight was determined. The samples

were then subjected to extensive proteolysis with papain (250 units/ml;
Sigma Chemical Company, St. Louis, MO) at 65Â°Cfor 22 h in 2 ml of

phosphate-buffered saline, pH 7.0, containing 10 rriM cysteine and 10

rriM sodium EDTA. After 6 h of initial incubation, 50 units/ml of fresh
enzyme was added to each sample. At the end of each incubation, equal
volumes of a solution containing 1 M NaOH and 2 M NaBH4 were added,
and each sample was incubated for an additional 6 h at 45Â°C.This step

was used in order to cleave the residual O-linked carbohydrate chains

from the protein cores under conditions that prevent the degradation of
the sugar chains (16). The reactions were stopped by drop-wise addition

of diluted glacial acetic acid. The samples were centrifuged at 12,000 x
g for 1 h at 4Â°to remove cellular debris, and the supernatants were
dialyzed against double distilled water for 72 h at 4Â°Cand lyophilized. In

order to remove nucleic acid contaminants which interfere with the
glycosaminoglycan analysis, the dry samples were subjected to a se
quential enzymatic digestion with ribonuclease (45 units/ml) (Calbiochem-
Boehring, San Diego, CA) for 4 h at 37Â°C in 50 mw sodium acetate
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NEOPLASTIC MODULATION OF EXTRACELLULAR MATRIX

buffer, pH 7.0, followed by deoxyribonuclease I (250 units/ml) for 4 h at
37Â°C in the presence of 5 mw MgCI2. The solutions were mixed with

equal volumes of 20% trichloroacetic acid to reach a final concentration
of 10% and were left on ice for 4 h in order to precipitate the undigested
nucleic acid and proteins. The solutions were then centrifuged at 15,000
x g for 1 h, dialyzed at 4Â°Cagainst double-distilled water, and lyophilized.
Recovery of the [^SJsulfate-labeled heparan sulfate was greater than

70%. The lyophilized samples were resuspended in distilled water and
subjected to cellulose acetate electrophoresis in 0.3 M cadmium acetate
buffer, pH 4.1, as described previously (17). The various glycosamino-
glycans were identified by their co-migration with glycosaminoglycan

standards and by their susceptibility to chondroitinase ABC (Proteus
vulgaris; Miles Laboratory, Elkhart, IN) (18), Streptomyces hyaluronidase
(Miles Laboratory), or nitrous acid (19) treatment. Standard glycosami-

noglycans were used to test the specificity of the various enzymatic
reactions, and they included hyaluronic acid from human umbilical cord,
chondroitin sulfate from shark cartilage, heparan sulfate from pig intes
tine, and dermatan sulfate from skin (Miles Laboratory). The alcian blue-

stained bands of the cellulose acetate strips were quantitated using a
scanning densitometer (Helena Laboratory, MO) interfaced with an Hew
lett Packard computer (4). Samples were measured with reference to
standard curves with a range of sensitivity between 4 and 40 HQ. Uronic
acid content of each sample run in triplicate was determined by the
carbazole method of Bitter and Muir (20) with o-glycuronolactone as

reference standard.

RESULTS

Morphological Studies of Mesentery from Control and
Liver-implanted Animals. The whole embedded tissue, proc

essed in a stretched state, was transparent and only lightly
stained in shades of gray by the RHT treatment (Fig. 1a), and it
measured about 5 ^m in thickness.

The morphology of the normal rabbit mesentery has been
described previously (10). Briefly, this transparent membrane
(Fig. 1a) was composed of a delicate connective tissue stroma
lined on both sides by a monolayer of mesothelial cells and a
thin basement membrane. The connective tissue comprised dif
ferent structures which were symmetrically stratified and in
cluded a network of elastic and a mesh of reticular fibers on both
sides and a more central area containing primarily large collagen
bundles with an average thickness of 2.0 Â±0.3 (SD) pm (Fig. 1,
b and c and Fig. 4, a and b). Quantitative studies (Table 1)
revealed that the average collagen fibrils within fibers had a

Table 1
Diameter of collagen fibrils and proteoglycan granules in normal and V2

carcinoma-implanted mesentery

Diameterof fibrils or granules(nm)Extracellular

matrix
componentCollagen

fibril
Within fibers0

Singlefibrils
Proteoglycan granules

Collagen-associated
Single granulesControl

(" =5)62

Â±4"

48Â±417Â±3

17Â±2V2-implanted

(n =5f67

Â±1
53Â±424

Â±3"
30 Â±2"P-values"<0.025

<0.05<0.005

<0.005
a V2-carcinoma-implantedanimalsat middle to late stages.
" UsingStudent's i-test.
c The average thickness of the collagen fibers was 2.0 Â±0.3 and 3.2 Â±0.7 Â¡on

for control and V2-implantedanimals, respectively (P < 0.005).
d Mean Â±SD.
eThe average volume (V) of a proteoglycan granulecan be estimated assuming

sphericity (4): V = (V3)xr3. This gives a value of 2.6 and 7.2-14.1 x 103nm3for
control and V2-implanted animals, respectively.

diameter of 62 Â±4 nm, a value significantly larger than that of
the single fibrils (48 Â±4 nm). Proteoglycans appeared as elec
tron-dense granules 17 nm in average diameter (Table 1) when

stained in the presence of RHT. This value was observed for
granules both associated closely with collagen fibrils (Fig. 4, a
and b) and dispersed throughout the extracellular matrix. This
pattern of collagen-proteoglycan interaction was similar to that

described in rat tail tendon (21) and may represent primarily
dermatan sulfate (22). In addition, numerous RHT-positive fila

ments were observed throughout the extracellular matrix (Fig.
4a, double arrowheads) and appeared to connect portions of the
non-fibrillar material and proteoglycan granules. These filaments,

which probably represent hyaluronic acid (23), had an average
diameter of about 4 nm.

The normal rabbit mesentery contained large areas free of
proteoglycans or other visualizable structure (Fig. 1, b and c),
even after processing in the presence of RHT. In addition to the
connective tissue matrix components, the normal mesentery
contained fibrocytes and scattered macrophages which were
generally located near the surface (not shown).

After liver implantation, the macroscopic appearance and the
thickness of the mesentery, as well as the diameter of the fibrillar
constituents of the extracellular matrix (Fig. 1, d-f ), were similar

to the untreated controls. The overall density of the matrix
granules was also indistinguishable from the controls.

Morphological Studies of Mesentery after Implantation of
V2 Carcinoma Cells. Both the mesenteric thickness (Chart 1,
open circles) measured after Epon embedding and the mesen
teric weight (Chart 1, closed circles) increased significantly with
time after tumor implantation (see also Figs. 2 and 3). At late
stage the thickness was nearly 8-fold greater than in control or
liver-implanted animals (compare Figs. 3, a and d with Fig. 1, a

and d, respectively). This increase in volume was not a direct
result of the formation of neoplastic nodules but was primarily
due to an increase in the extracellular matrix. These qualitative
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Chart 1. Increasein thickness (O)and wet weight (â€¢)of tumor-free mesenteric
tissue following intraperitoneal implantation of V2 carcinoma cells. The thickness
was measured from perpendicularsections of Epon-embeddedtissue processed
in a controlled stretched-state.The values represent the mean (n = 3-6); oars, SD.
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NEOPLASTIC MODULATION OF EXTRACELLULAR MATRIX

observations were confirmed by the quantitative studies sum
marized in Table 1 and 2. The average diameter of the proteo-

glycan granules increased significantly, and this change was
more pronounced in the proteoglycans not associated with col
lagen fibers (Table 1; Fig. 4). Consequently, the average volume
of a matrix granule was markedly increased in V2 carcinoma-

implanted animals, since this value is greatly affected by minute
changes in the radius (see Table 1, Footnote e). In contrast the
diameter of individual collagen fibrils increased only slightly (5
nm on the average) for both fibrils within fibers and those
occurring singly (Table 1). Their diameter, however, appeared to
be greatly increased in the electron micrographs (Fig. 4) because
of associated, electron-dense proteoglycan granules. The fine
RHT-positive filaments remained of constant thickness (about 4

nm) throughout all of the tumor stages, whereas their density
increased with tumor development (Fig. 4c). The above-men

tioned changes were not a localized phenomenon but occurred
uniformly throughout the mesentery free of tumor aggregates.

Stereological evaluation of collagen fibers and fibroblasts un
covered several differences (Table 2). The absolute amount of
collagen fibers (Table 2, Lc) increased more than 6-fold. This was

due to an increase in the number (compare Fig. 3, a and d with
Fig. 1a) and average thickness (3.2 versus 2.0 ^m) of collagen
fibers. However, because the volume density of collagen fibers
(Table 2, We) decreased by 37%, it is likely that extracellular
matrix components other than collagen had been synthesized
and accumulated in the V2-implanted mesentery. This was in
agreement with the concurrent elevation of glycosaminoglycan
content (see below) and the increase in the average size (Table
1) and density of proteoglycan granules (Fig. 3, b and e). Fur
thermore, the volume density and numerical density of fibroblasts
(Table 2, Vv, and NVI) decreased by 28 and 85%, respectively,
whereas the total amount (Table 2, L,) and number (Table 2, A/,)
increased more than 6- and 2-fold, respectively, in the V2-

implanted mesentery. Consequently, the average volume of fi
broblasts (Table 2, V,) increased by approximately 5-fold.

In summary, these results indicate that, following tumor im-

TaWe2

Stereological analysis of fibroblasts and collagen fibers in normal and V2
carcinoma-implanted mesentery

ParameterVolume

densityFibroblast,
Vâ€ž(%)Collagen

fiber, Vn(%)"Total
length6Fibroblast,

L,(um)Collagen
fiber, LcdimfTotal

number1Fibroblast,

N, (permm)Numerical
densityFibroblast,

Nw(103mm"3)Average

volume9Fibroblast,
V, (Â¿im3)Control7.4

Â±25.9
Â±0.29

Â±1.01
Â±6.7

+189.0Â±0.8C2.40.030.142.369392.0

Â±93V2-implanted

(n =5)a5.316.31.926.2514.228.01,893.0Â±2.0Â±2.9Â±0.68Â±2.26Â±7.4Â±21Â±1,060A-28-37+662+619+212-85+483P-values6<0.05<0.0005<0.0025<0.0005<0.05<0.0025<0.025

" V2-implanted animals at middle to late stage.
6 Using Student's f-test.
c Mean Â±SD.
" These values were corrected for systemic errors due to finite section thickness

as described in "Materials and Methods."
* Corresponding to the sum of all fibroblasts or collagen profiles contained in a

thin column running vertically through the mesentery.
' These values represent the absolute number of fibroblasts per unit length (mm)

of vertical section through the mesentery.
9 These values derive from V, = V*/NW.

plantation, the mesenteries free of neoplastic aggregates con
tained elevated concentrations of collagen and proteoglycans.
The larger RHT-positive granules in the matrix of V2-implanted

mesenteries also suggest an increase in the size of single pro
teoglycan monomers (4). Furthermore, the increased density of
the RHT-positive filamentous network interconnecting the pro

teoglycans suggests an increase in hyaluronic acid content.
Finally, the increased number and cell volume of the fibroblasts
suggests that these cells may be primarily responsible for the
marked elevation of extracellular matrix constituents.

Analysis of Glycosaminoglycans. Because uronic acid is a
specific marker for glycosaminoglycans (24), a quantitative anal
ysis of its content provides an estimate of the glycosaminoglycan
content in a tissue. Analysis of the mesenteries revealed a
marked and progressive increase in total uronic acid in the
animals implanted with V2 carcinoma cells (Table 3). The uronic
acid increased as a function of time after tumor implantation,
concurrently with the increase in total weight and thickness of
the mesentery (Chart 1). At late stage the total uronic acid was
2.52 times that of the control animals and 2.85 times that of the
liver-implanted animals. Interestingly, no significant differences

were observed when the uronic acid was expressed on a wet
weight basis. This probably reflected a higher water content
induced by the increased amounts of the hydrophilic proteogly
can molecules and hyaluronic acid (see below). When the values
were expressed on a mg of dry-defatted weight (Table 3), the
neoplastic-free mesentery of the V2-implanted animals at late

stage contained twice or more the uronic acid found in the
control or liver-implanted samples, respectively.

The glycosaminoglycans were purified from each sample and
identified using cellulose acetate electrophoresis (Fig. 5) and a
combination of chemical and enzymatic treatments as described
in "Materials and Methods." Quantitation of the various glycos

aminoglycans was accomplished by scanning densitometry with
reference to standard curves and is summarized in Chart 2. The
major difference between the control (Chart 2, unfilled bars) and
the V2-implanted animals at late stage (Chart 2, filled bars) was
in the content of hyaluronic acid and chondroitin sulfate (P <
0.001), while heparan and dermatan sulfate were not changed
significantly. In particular, the content of hyaluronic acid and
chondroitin sulfate of the V2-implanted mesenteries was 2.6 and

8.6 times higher than that of controls. Furthermore, the relative
percentage of chondroitin sulfate in V2-implanted mesenteries

was elevated markedly, representing 26% of the total glycosa
minoglycan versus only 6% in the control. Similar patterns of

Table 3
Uronic acid content of mesenteries of normal, liver-implanted, and

V2 carcinoma-implanted mesentery

Sample

Uronic acid/ Uronic acid/dry
Total uronic acid wet wt. defatted wt.

Oig/mg)

Control (n =6)Liver-implanted
(n =3)V2-implanted,

earlystage
(n =3)V2-implanted,

middlestage
(n =4)V2-implanted,

latestage
(n = 4)61

Â±8"54

Â±356
Â±280

Â±10154

Â±180.50

+0.180.45
Â±0.090.41

Â±0.100.66

Â±0.120.67

+ 0.152.34

Â±0.651.80
Â±0.111
.69 Â±0.202.20

Â±0.854.68

Â±0.80

a Uronic acid was calculated according to the method of Bitter and Muir (20)
with D-glucuronolactoneas referencestandard.

" Mean Â±SD.
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HA-

HS-

DS-

CS-

Fig. 5. Representative cellulose acetate electrophoretograms of standard gly-
cosaminoglycan mixture (Lane 1) and glycosaminoglycans isolated from control
mesentery (Lane 2) or V2 carcinoma-implanted mesentery at middle (Lane 3) and
late stage (Lane 4). Electrophoresis was performed in 0.3 M cadmium acetate
buffer, pH 4.1, for 4 h at constant current of 1.2 mamp per strip. The mixture of
glycosaminoglycan standard, 20 ng in total, include hyaluronic acid (HA), heparan
sulfate (HS), dermatan sulfate (OS), and chondroitin sulfate (CS). The alcian blue-
stained bands were also identified by their relative susceptibility to enzymatic and
chemical treatments as detailed in "Materials and Methods." QuantitÃ¤ten of tripli

cate runs was done by scanning densitometry (see Chart 2).
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hyaluronic
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sulfate

dermatan
sulfate

chondroitin
4-6-sulfate

Chart 2. Glycosaminoglycan composition of control (empty bars) and tumor-free
mesentery of V2 carcinoma-implanted animals at late stage (stippled bars). Electro
phoretograms of triplicate samples were quantitated by scanning densitometry
with reference to standard curves (see Fig. 5). The various glycosaminoglycans
were subjected to a variety of enzymatic and chemical treatments as described in
"Materials and Methods." Bars, SO.

glycosaminoglycanswere found in the middlestage, whereas
the V2-implantedmesenteriesat early stage and the liver-im
plantedanimalsexpresseda patternof glycosaminoglycansim

ilarto that of the control(notshown).
Insummary,the biochemicalstudiesindicatethat the mesen

teriesof V2carcinoma-implantedanimalscontainedanincreased
amountof hyaluronicacidand proteoglycansrich in chondroitin
sulfate,bothof whichcouldcontributeto the increasein weight
andwaterretention.Theincreaseinchondroitinsulfatemayalso
providean explanationfor the quantitativechangesobservedin
thedensityandsizeof the RHT-positivegranules.

DISCUSSION

Thisstudyhasdemonstratedthat the connectivetissuecells
of rabbitmesentery,followingimplantationof V2carcinomacells,
activelysynthesizedand depositeda connectivetissue matrix
rich in hyaluronicacid and chondroitinsulfate.The neoplastic-
free mesenteryincreasedup to 8-fold in thicknessand several
timesinweight,andthis increasewasnotdueto theproliferation
of tumor cells and/or the formationof large neoplasticaggre
gates. Indeed,only a few neoplasticcells were seen in the
desmoplastic(hypertrophie)parts of the mesenteryexamined
here. Previousstudies using time-lapsecinematography(25)
haveshownthat V2 carcinomacellsinjectedinto the peritoneal
cavity invadethe mesenteryand movediagonallybetweenthe
host cells (fibrocytesand adipocytes)and the fibrillarand non-
fibrillarconstituentsof the extracellularmatrix,wherethey may
eventuallyform neoplasticnodules.These tumor aggregates,
however,becomeonly a minor componentof the mesenterio
tissueandwereexcludedfromthe presentinvestigation.Onthe
other hand,stereologicalanalysisrevealeda 2-fold increasein
the absolutenumberof fibroblastsanda 5-foldincreasein their
averagecellvolume.Inaddition,theircytoplasmcontainedlarge
amounts of rough endoplasmicreticulum in tumor-implanted
animals(11). This suggeststhat the fibroblastswere induced,
directlyor indirectly,by the V2carcinomacellsto proliferateand
synthesizeextracellularmatrixcomponents.A similarinduction
of proliferationandactivationhasbeenproposedfor the stromal
fibroblastsof invasivehumancolon carcinomas(26). Interest
ingly,the activationof thesemesenchymalcells is alsoaccom
paniedby an increasein their cytoplasmicvolumeand in the
amountof roughendoplasmicreticulum(26).

All of our findingsindicatethat the hypertrophyof the rabbit
mesenterywas due to an increasein numberand thicknessof
collagenbundlestogetherwith a markedincreasein proteogly-
cangranulesandhyaluronicacidfilamentswhichallcontributed
to the formationof anoveralldenserstructure.It is noteworthy
that the proteoglycansof V2-implantedmesenteryappearedto
be differentfrom control in both their glycosaminoglycancom
position(Chart2) andaveragesize(Table1).Incontrast,recent
studies(11) usingthesameanimalmodelusedherehaveshown
that thereis no qualitativealterationin the compositionof colla
gen, in the ratioof type I to type III collagen,or in their relative
amount on a dry weight basis. The fact that intraperitioneal
implantationof liverhomogenatesdid not causeany abnormal
productionof extracellularmatrix suggests that the changes
observedherewere inducedby a specificinteractionbetween
neoplasticand host mesenchymalcells. The latter cells might
havealsobeenstimulatedto divide,sincea significantproportion
of fibroblastshadenteredthe S phasefollowingtumor implan
tation(11),andtheirabsolutenumberhaddoubled.

The relativecontributionof neoplasticcellsand host mesen-
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chymal cells to desmoplasia in vivo is not entirely known. How
ever, recent evidence supports a stromal origin for the increased
extracellular matrix. For example, the stroma around breast
carcinoma in vivo is enriched in hyaluronic acid and chondroitin
sulfate (27). Also human colon carcinoma in vivo contains a
peritumoral stroma highly enriched with chondroitin sulfate (4);
however, it is unlikely that the colon carcinoma cells contribute
to any greater extent to this phenomenon, since these cells,
when cultured alone, synthesize almost exclusively heparan
sulfate proteoglycans (15). Furthermore, murine carcinoma cells
produce less than 5% of the amount of glycosaminoglycans
synthesized by normal fibroblasts (28). Moreover, recent studies
have demonstrated that specific interactions between human
tumor cells and normal human fibroblasts in co-culture cause a

stimulation of hyaluronic acid (29) and glycosaminoglycan pro
duction (30). Therefore, it is possible that an enhanced extracel
lular matrix biosynthesis might be induced either by a direct
neoplastic-host stromal cell interaction or by release of tumor

metabolites that stimulate proteoglycan and collagen biosyn
thesis in the host cells. Indeed, we have demonstrated recently
(31 ) that human colon carcinoma cells in vitro release a family of
polypeptides capable of stimulating the biosynthesis of proteo
glycans in human colon fibroblasts. Furthermore, recent studies
(32) have identified a class of polypeptides produced by mam
mary carcinoma cells that are capable of stimulating net collagen
biosynthesis. It is noteworthy, however, that neoplastic cells can
induce collagenase production in fibroblasts (33) and that colla
gen degradation can be either inhibited or stimulated by epithelial
cell products in vitro (34). As proposed before (2, 3, 31,34) these
active metabolites, which may simply diffuse into the medium
under in vitro conditions, may function as local modulators in
vivo, exist in small quantity, and travel only a limited distance
between host cells. The presence of such active metabolites
would thus provide a plausible explanation for the phenomenon
of desmoplasia. In addition, it would explain why only certain
tumors can induce this reaction in the host cells, whereas other
tumors which either lack or are incapable of expressing these
gene products do not induce desmoplasia. The fact that des
moplasia is observed in only a relatively small number of invasive
neoplasms, primarily those of epithelial origin (35-37), also sug

gests that this phenomenon is tumor specific and not a mere
response to injury, similar to the formation of new connective
tissue occurring during wound healing. A yet unproven but
attractive hypothesis is that the desmoplastic matrix induced by
tumor cells may represent an attempt by the host to resist
invasion. Interestingly, an angiofibroblastic reaction represents a
principal defensive mechanism of invertebrates lacking an im
mune system (38). On the other hand, the desmoplastic matrix
produced may indirectly favor tumor growth by reducing the
access of host immunocompetent cells (5). In fact, hyaluronic
acid can inhibit leukocyte locomotion in vitro (39) and protect
tumor cells from the cytolytic attack of lymphocytes (40). The
formation of a thick pericellular coat may represent a mechanism
that contributes to the ability of tumor cells to escape cellular
immune attack (41).

During normal embryogenesis, cells migrate through an extra
cellular milieu enriched in hyaluronic acid (42), and it has been
proposed that the unique hydrodynamic properties of this poly-

saccharide in association with other factors may serve to create
an environment that facilitates embryonic cell movement (43).

The correlation between increased glycosaminoglycan and cell
migration has been also observed in tumors. For instance, ToÃ³le
e?al. (44) have demonstrated that hyaluronic acid content in the
stroma around invasive V2 carcinoma in the rabbit is 3-4 times

greater than around the same tumor grown in the nude mouse,
in which it is not invasive. Also, the relatively small amount of
chondroitin sulfate is increased in the stroma surrounding the
invasive tumor. These observatons are in close agreement with
the present study. Furthermore, our results indicate that similar
increases in hyaluronic acid and chondroitin sulfate content can
occur away from the tumor cells, suggesting that a direct neo-
plastic-stromal cell contact may not be a prerequisite for stimu

lation of matrix biosynthesis.
In conclusion, our findings indicate that tumor cells with a

capacity to invade neighboring tissues have the potential to
stimulate host connective tissue cells to produce a hydrated,
proteoglycan-rich environment which may be important for tumor

progression and metastasis. Therefore, the possibility that neo
plastic cells may "condition" their own pericellular environment

offers a new perspective in understanding the mechanisms in
volved in the complex host-tumor cell interactions. Future char

acterization of the molecular mechanisms involved in the regu
lation of the desmoplastic response may allow a better under
standing of its biological function in vivo.
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Fig. 1. Light and electron microscopic photomicrographs of control (a-c) and liver-implanted(d-t) mesenteries.No significantdifference in the overall thickness of the
mesentery and the density and diameter of collagen fibers between control (c) and liver-implantedmesenteries(f) is noted. The tissue was processed in a stretched state
and fixed in the presence of ruthenium hexammine trichloride as described in the text, a and d, 0.7-nm Epon sections counterstained with toluidine blue, x 780; b and
e, transmission electron micrographs, x 7,250; c and f, transmissionelectron micrographs, x 28,500.

Fig.2. Light and electron microscopic photomicrographs of V2 carcinoma implanted mesenteriesat early (a-c) and middle (d-f) stage. Notice the absence of tumor
cell aggregates and the progressive increase in overall thickness of the mesentery together with an increase in density of the collagen fibers and proteoglycangranules.
The magnificationof each figure is identical to that of Fig. 1.
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Fig.4. Transmission electron micrographs of mesenteric tissue from control (a, t>)and V2 carcinoma-implantedanimalsat late stage (c, d). Note the increase in the
density of collagen fibers and proteoglycan granules (PG).The size of the proteoglycan associated with the collagenfibers (emptycircles) appear also to be increasedin
the V2 carcinoma-implantedanimals. The fine RHT-positive filaments (double small arrowheads) are clearly more visible in the V2-implantedmesentery (c), where they
appear to interconnect proteoglycan granules,a-cf, x 120,000.

Fig.3. Light and electron microscopic photomicrographsof V2 carcinoma-implantedmesenteriesat late stage (a-/). Notice the absenceof neoplastic aggregatesand
the overall marked increase in thickness of the mesentery (a, d), which is nearly 8 times thicker than control or liver-implantedanimals (compare Fig. 1, a and d). a-c
and d-f represent cross-sections of mesenteriesfrom two different animals, respectively,and display a marked increasein the density of the proteoglycangranules (*,e)

and collagen fibers (f). Magnificationof each figure is identical to those of Figs. 1 and 2.
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