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ABSTRACT 3T3 cells that have undergone adipose differ-
entiation in vitro secrete factor(s) that stimulate angiogenesis (neo-
vascularization) in vivo. When medium containing 0.5% fetal calf
serum was conditioned by 3T3-F442A adipocytes, it stimulated
angiogenesis when placed on the chicken chorioallantoic mem-
brane. Control medium or medium conditioned by preadipocytes
did not stimulate angiogenesis, even at much higher doses. Thus,
the production of the angiogenic activity is strongly dependent
upon differentiation of the adipocytes. The degree of the angio-
genic response to adipocyte-conditioned medium was potentiated
by heparin; heparin added to unconditioned medium or to pread-
ipocyte-conditioned medium was not angiogenic. The adipocyte-
conditioned medium also strongly stimulated, in a differentiation-
dependent fashion, the motility of aortic and capillary endothelial
cells in a modified Boyden chamber assay. Checkerboard analysis
indicated that 75% of the motility-stimulating activity was chemo-
tactic in nature. The chemotactic activity has an apparent speci-
ficity for endothelial cells, in that chemotaxis of smooth muscle
cells and fibroblasts was stimulated to a much lesser extent. These
results, in conjunction with our previous demonstration of an en-
dothelial cell mitogen produced by 3T3 adipocytes [Castellot, J.
J., Jr., Karnovsky, M. J. & Spiegelman, B. M. (1980) Proc NatI.
Acad. Sci. USA 77, 6007-6011] indicate that the differentiation of
these cells is closely linked to the production of factors that stim-
ulate angiogenesis in vivo and growth and chemotaxis of endotheli-
al cells in vitro.

The development of new blood vessels (neovascularization, or
angiogenesis) occurs during many important biological pro-
cesses, including normal embryonic development, wound heal-
ing, inflammation, and neoplasia. The new blood vessels arise
from the endothelial cells of preexisting capillaries and small
vessels (1, 2). Because neovascularization appears to involve
stimulation of endothelial cell protease activity, motility, and
proliferation, much attention has been focused on factors that
stimulate these processes in vitro (3).

Little is known about neovascularization during normal tissue
development. As a model we have examined interactions in
vitro between vascular endothelial cells and 3T3-F442A adi-
pocytes (4). This system was chosen because adipose tissue be-
comes highly vascularized during embryological development
(5), and the 3T3-F442A preadipocytes undergo differentiation
in vitro in a manner highly analogous to adipocyte differentia-
tion in vivo (6).
We have previously shown that 3T3 adipocytes produce a

potent mitogenic activity that is specific for vascular endothelial
cells (7), suggesting that it plays a role in angiogenesis. Pro-
duction of the mitogenic activity is differentiation dependent
in that adipocytes secrete much more of the mitogen than do

preadipocytes. Because proliferation of endothelial cells is only
a part of the angiogenesis process, we have investigated whether
differentiating adipocytes also stimulate endothelial cell chemo-
taxis in vitro and neovascularization in vivo. We now report that
3T3 adipocytes secrete, in a differentiation-dependent fashion,
factor(s) that stimulate endothelial cell chemotaxis in vitro and
neovascularization in vivo. Thus, 3T3 adipocytes apparently
produce the signals required to trigger new blood vessel de-
velopment, and the expression of this information is closely
linked to the differentiation of the adipocytes.

MATERIALS AND METHODS
Heparin was obtained from Elkins-Sinn (Cherry Hill, NJ) or
Upjohn. All other chemicals were obtained from Sigma unless
otherwise noted. Bovine adrenal capillary endothelial cells
were obtained from Bruce Zetter (Children's Hospital Medical
Center, Boston, MA). Bovine aortic endothelial cells (BAEC)
were isolated and characterized as described (8-10). They were
grown in Dulbecco's modified Eagle's medium (DME medium)
supplemented with 10% heat-inactivated (56°C, 30 min) calf
serum, penicillin at 100 units/ml, and streptomycin at 100 ,ug/
ml. Baby hamster kidney 21/c13 (BHK) cells were grown in
DME medium supplemented with 10% calf serum, penicillin
at 100 units/ml, and streptomycin at 100 ug/ml. Rat aortic
smooth muscle cells (SMC) were isolated and characterized as
described (11). They were grown in RPMI 1640 medium (KC
Biological, Lenexa, KS) supplemented with 20% fetal calf
serum, penicillin at 100 units/ml, and streptomycin at 100 ,ug/
ml. 3T3-F442A cells were obtained from Howard Green (Mas-
sachusetts Institute of Technology, Cambridge, MA). To min-
imize adipose differentiation, 3T3-F442A stocks were grown in
DME medium supplemented with 9% cat serum, 1% calf
serum, penicillin at 100 units/ml, and streptomycin at 100 ,ug/
ml (12). All cells were grown at 37°C in a 10% C02/90% air
atmosphere.

Adipocyte-conditioned medium was collected from 3T3-
F442A cells that were grown and maintained for 6-7 days after
confluence in DME medium containing 10% fetal calf serum,
at which time adipose differentiation had reached a maximum
as determined by both biochemical and morphological criteria
(13). Cells were washed three times in DME medium, and 10
ml ofDME medium containing 0.5% fetal calfserum was placed
on each 100-mm tissue culture dish. After 48 hr. the conditioned
medium was removed and filtered through a 0.22-,um pore di-
ameter filter (Nalge). This filtration had no effect on either the
angiogenic or chemotactic activities. The conditioned medium
was stored at -20°C for up to 6 months, or at 40C in the dark

Abbreviations: DME medium, Dulbecco's modified Eagle's medium;
BAEC, bovine aortic endothelial cells; BHK, baby hamster kidney 21c/
13; SMC, smooth muscle cells.
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for up to 2 months, with little loss of activity. Preadipocyte-con-
ditioned medium was obtained from 3T3-F442A cells grown and
maintained 6-7 days after confluence in DME medium con-
taining 9% cat serum and 1% calf serum. Very little adipose
differentiation occurs under these conditions (12). The medium
conditioned by preadipocytes and its subsequent handling was
exactly as described for 3T3-F442A adipocytes.
To assay the angiogenic activity in adipocyte- or pre-adipo-

cyte-conditioned medium, we used the chicken chorioallantoic
membrane assay developed by Folkman (14). Briefly, a 1.5 x

3 cm window was made in the eggshell at day 8 or 9 after fer-
tilization, such that the chorioallantoic membrane dropped
away from the shell. The window was covered with cellophane
tape and the eggs were returned to the incubator. The test sub-
stance was dried in 5-Al or 10-/.l aliquots in the center of a 13-
mm plastic coverslip (Lux) to form a spot 3-5 mm in diameter.
In some experiments, heparin was added to the test substance
before drying it on the coverslip (final heparin concentration,
5 Ag per coverslip). The coverslip was placed (spot side down)
on the chorioallantoic membrane on day 10. After 48 hr, eggs
were examined for the growth of new vessels toward the spot
on the coverslip. The strength of the angiogenic response was

graded on a scale of 0 to 5+, as described by Folkman (15).
Chemotaxis assays were performed with 25-1.l modified Boy-

den chambers (Neuro Probe), as described (16-18). Briefly, 5-
,m or 8-,um pore diameter filters (Nuclepore) were soaked in
0.5 M acetic acid overnight. The filters were washed with dis-
tilled water and incubated for at least 16 hr in a 100 ,ug/ml gel-
atin solution. The gelatin-coated filters were air-dried and then
incubated in a 10 Ag/ml fibronectin solution (Collaborative
Research, Waltham, MA) for 1-2 hr and then air-dried. The test
substance (which always contained 0.5% fetal calf serum) was

placed in the bottom chamber. All fetal calfserum used was from
the same serum lot. The filter was inserted, and freshly tryp-
sinized cells (5 X 104 per assay) in DME medium containing
0.5% fetal calfserum were added to the top chamber. The cham-
bers were incubated for 4 hr at 37°C in a 10% C02/90% air
atmosphere. The filters were removed and fixed in methanol
for 15 min at room temperature. Cells on the upper filter surface
were carefully removed by rubbing with a cotton swab. The
filters were stained with Giemsa stain and mounted on slides.
The number of cells on the lower filter surface was determined
by counting at least ten x430 fields in a light microscope. To
distinguish between chemotaxis and chemokinesis, we per-
formed a checkerboard analysis (16), in which cells are exposed
to the motility-stimulating substance both in the presence and
in the absence of a gradient. In these experiments, different
concentrations of conditioned medium were placed in the top
and bottom chambers. In assays in which conditioned medium
was added to the top chamber, the trypsinized BAEC were

taken up directly into the desired concentration of conditioned
medium.

RESULTS
Angiogenic Activity of Adipocyte-Conditioned Medium. To

determine whether adipocytes produced all the factors required
to stimulate new blood vessel growth in vivo, we tested the
ability of adipocyte-conditioned medium to stimulate neovas-
cularization in the chicken chorioallantoic membrane assay (14).
When DME medium controls containing 0.5% fetal calf serum
were tested for angiogenic activity, few positive responses were
seen at 5, 25, or 100 Al per egg (Table 1). The same medium
conditioned by 3T3 adipocytes for 48 hr gave a positive angi-
ogenic response in one out of seven eggs when tested at 5 p1I
per egg. However, as the dose of adipocyte-conditioned me-

dium was increased, a marked positive response was obtained

Table 1. Angiogenic activity of adipocyte-conditioned medium
Positive responses

Test substance 5 ILI 25 1.l 1t00 ju
DME medium control 0/9 3/29 3/20
DME medium control
+ heparin 0/8 4/19 5/22

Adipocyte-conditioned
medium 1/7 20/26 16/17

Adipocyte-conditioned
medium +heparin 6/10 21/22 24/25

Preadipocyte-conditioned
medium ND 1/10 3/11

Preadipocyte-conditioned
medium + heparin ND 1/7 4/12

The indicated quantities (per egg) of test substance were tested for
their ability to stimulate new blood vessel growth in the chicken cho-
rioallantoic membrane assay. Samples containing heparin have 5 jg
of heparin per egg. The number of positive responses (numerator) and
the total number of eggs tested with the particular test substance
(denominator) is given. ND, not done.

(>70% positive; Table 1). The positives at 48 hr were usually
2+, according to the scoring system of Folkman, in which neg-
ative responses are given a 0, and positive eggs are rated from
1+ to 5+ (15). When the adipocyte-conditioned medium-stim-
ulated positive eggs were allowed to develop for 3 or 4 days,
the strength of the angiogenic response increased to 3+ and
4+. Three different batches of conditioned medium were used
to obtain the results in Table 1. Good reproducibility between
batches was found, especially at the higher concentrations.

Taylor and Folkman recently observed that heparin poten-
tiated the angiogenic activity of tumor cell extracts but was not
angiogenic by itself (19). We therefore examined the effect of
heparin on the angiogenic activity of adipocyte-conditioned
medium (Table 1). When added to DME medium controls con-
taining 0.5% fetal calfserum, heparin at 5 Ag per egg produced
only a slight increase in positive responses. However, 5 pl of
adipocyte-conditioned medium containing this amount of hep-
arin produced a weak (1+) positive response in 6 out of 10 eggs,
compared with 1 out of 7 positives when heparin was not pres-
ent. Heparin added to higher concentrations of adipocyte-con-
ditioned medium increased the strength of the response to 2+
and 3+. Thus, heparin potentiated the angiogenic activity of
adipocyte-conditioned medium but did not induce neovascu-
larization by itself.
A positive response in the chorioallantoic membrane assay

could also be produced by inflammation; thus, it is important
to rule out this artifact. Because inflammatory responses in this
system generally occur 3 or more days after the coverslips are
implanted (15, 20), we minimized this possibility by scoring the
eggs after 48 hr. In addition, randomly selected positive eggs
were fixed and prepared for histological examination ofthe neo-
vascularized region. No evidence ofinflammation was detected
in any ofthe samples. To determine ifdifferentiation ofthe 3T3-
F442A cells was necessary for production of the angiogenic ac-
tivity, we tested the ability of conditioned medium from 3T3-
F442A cells in the preadipose state to stimulate neovasculariza-
tion (Table 1). Only a small increase in positive responses was
observed at 25 and 100 ,ul per egg. When heparin was added
to either 25 ,ul or 100 ,ul of preadipocyte-conditioned medium,
only a slight further increase in the number ofpositive responses
was observed (1 out of 7 and 4 out of 12, respectively). These
results, when compared to those obtained with adipocyte-con-
ditioned medium, indicate that 3T3-F442A cells must differ-
entiate in order to produce the angiogenic activity. The differ-
ence observed between adipose and preadipose states does not
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reflect a simple difference in the ratio of cells to medium, be-
cause there is no significant difference between preadipocytes
and adipocytes in cell number or amount of protein per dish
when insulin is not present (7), as in these experiments.

Chemotactic Activity of Adipocyte-Conditioned Medium.
Because an important part of neovascularization is the move-
ment of endothelial cells towards the target tissue (1), we de-
termined if 3T3 adipocytes secrete a motility-stimulating activ-
ity for endothelial cells by using the modified Boyden chamber
method (16, 17). This system was used because a relatively large
number of samples can be quantitatively assayed in a single
experiment, and because chemotaxis can be distinguished from
chemokinesis by the use ofcheckerboard analysis (16). This sys-
tem does not distinguish, however, between a fluid-phase gra-
dient or a bound gradient.
When DME medium controls containing 0.5% fetal calf

serum were placed in the bottom chamber, some cells (64 cells
per mm2) moved to the lower filter surface after 4 hr (Fig. 1).
This represents the background due to random locomotion of
the cells. When conditioned medium from 3T3-F442A adipo-
cytes was placed in the bottom chamber, the number of cells
crossing to the lower filter surface was dramatically increased.
Fig. 1 also shows the dose response of the motility-stimulating
activity and represents the average of several batches of adi-
pocyte-conditioned medium. There was an average net increase
of 280 cells per mm2 on the lower filter surface at the highest
concentration of conditioned medium used. As the concentra-
tion of conditioned medium decreased, the number of cells on
the lower filter surface decreased proportionately. Because neo-
vascularization occurs via motility of small vessel endothelial
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FIG. 1. Dose response of motility-stimulating and chemotactic ac-
tivities in adipocyte-conditioned medium. The activity of the indicated
concentrations of adipocyte-conditioned medium in 0.5% fetal calf
serum/DME medium was assayed on BAEC (0) and bovine adrenal
capillary endothelial cells (m). The number of cells permm2 that passed
through the membrane pores to the lower filter surface was determined
by counting random high-power fields in a light microscope. The net
chemotactic activity of adipocyte-conditioned medium toward BAEC
(0) and bovine adrenal capillary endothelial cells (o) was determined
by correcting for random locomotion and chemokinetic movement, as
measured by checkerboard analysis (see Fig. 2).

cells, these experiments were repeated with bovine adrenal
capillary endothelial cells, and similar results were obtained
(Fig. 1).
The movement of cells across the filter in response to adi-

pocyte-conditioned medium could be due to a stimulation of
chemokinesis [the random locomotion of cells in response to a
chemical stimulus (21)] or chemotaxis [the directed locomotion
of cells in response to a chemical stimulus (21)]. We tested this
possibility by performing a checkerboard analysis (16), in which
cells are exposed to the chemotactic agent both in the presence
and in the absence of a gradient (Fig. 2). As previously noted
(Fig. 1), when no adipocyte-conditioned medium was present
in the top chamber, increasing numbers ofcells migrated to the
lower filter surface as the concentration of adipocyte-condi-
tioned medium in the bottom chamber increased. When no
conditioned medium was present in the bottom chamber, the
number of cells on the lower filter surface remained essentially
constant or decreased slightly as the concentration of condi-
tioned medium in the top chamber increased (Fig. 2). When
equal. concentrations of adipocyte-conditioned medium were
present in the top and bottom chambers, there was a net che-
mokinetic movement of cells to the lower side of the filter (Fig.
2). Correcting for random movement by subtracting the serum
background and chemokinetic movement from the total motil-
ity, the net increase in BAEC on the lower filter surface due
to chemotaxis is approximately 200 cells per mm2 when the
maximal gradient is present (100% conditioned medium in the
bottom chamber and no conditioned medium in the top cham-
ber). The stimulation of cell motility by adipocyte-conditioned
medium thus appears to be largely chemotactic but also contains
a significant chemokinetic component. Whether or not these
two activities are the result of the same factor(s) is unknown.
To test if differentiation of the 3T3-F442A cells was required

for production of the motility-stimulating activity, we assayed
the ability of conditioned medium from 3T3-F442A preadipo-
cytes to stimulate BAEC motility (Fig. 3). Preadipocyte-con-
ditioned medium caused a maximal net increase of approxi-
mately 80 cells per mm2 on the lower filter surface, substantially
less than the 280 cells per mm2 increase seen with adipocyte-
conditioned medium. Similar results were obtained with bovine
adrenal capillary endothelial cells (Fig. 3). The production of
the motility-stimulating activity thus appears to be differentia-
tion dependent. It is possible that the preadipocyte-conditioned
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FIG. 2. Checkerboard analysis of motility-stimulating activity in
adipocyte-conditioned medium. The number of BAEC per mm2 cross-
ing the membrane to the lower filter surface was scored as a function
of adipocyte-conditioned medium concentration on the top and bottom
of the filter. DME medium + 0.5% fetal calf serum is referred to as
0%.
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FIG. 3. Motility-stimulating and chemotactic activities of adipo-
cyte-conditioned medium and preadipocyte-conditioned medium to-
wards different cell types. The motility-stimulating activity of adi-
pocyte-conditioned medium (hatched bars) and preadipocyte-conditioned
medium (bars with small uniform stippling) on the indicated cell types
was assayed. The data are presented as cells per mm2 crossing the
membrane to the lower filter surface. The background due to random
migration of cells in DME medium + 0.5% fetal calf serum has been
subtracted from these data. For BAEC, this background was 64; for
bovine adrenal capillary endothelial cells (Cap EC), 43; for SMC, 57;
andforBHKfibroblasts, 76. The chemotactic activity of adipocyte-con-
ditioned medium (cross-hatched bars) and preadipocyte-conditioned
medium (bars withtwo sizes of stippling) was determinedby correcting
for the chemokinetic activity as measured by checkerboard analysis.
This analysis was not performed for preadipocyte-conditioned medium
on BHK cells or SMC, or for adipocyte-conditioned medium on BHK
cells.

medium is less stimulatory because the preadipocytes do not
secrete either the chemotactic or the chemokinetic activity. We
tested this possibility by performing a checkerboard analysis on

preadipocyte-conditioned medium (Fig. 4). Although the over-

all stimulation of BAEC motility by preadipocyte-conditioned
medium is low, making analysis more difficult, it also appears

to consist of both chemotactic and chemokinetic components
in roughly the same proportion as adipocyte-conditioned me-

dium. When the chemotactic components are compared by sub-
tracting random background and chemokinesis, the preadipo-
cyte-conditioned medium produced a net increase of 50 cells
per mm2 due to chemotaxis (Fig. 4), whereas adipocyte-con-
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FIG. 4. Checkerboard analysis of chemoattractant activity in
preadipocyte-conditioned medium. BAEC per mm2 crossing to the
lower filter surface were scored as a function of preadipocyte-condi-
tioned medium concentration on the top and bottom of the filter.

ditioned medium stimulated a net increase of 200 cells per mm2
due to chemotaxis (Fig. 2; both calculated at 100% conditioned
medium). Thus, differentiation of 3T3 adipocytes caused a 4-
fold increase in production of the chemotactic activity.

It is important to know whether the chemotactic activity pro-
duced by adipocytes is specific for endothelial cells. To do this,
we assayed the ability of adipocyte-conditioned medium to
stimulate directed motility of BHK fibroblasts and rat aortic
SMC. Adipocyte-conditioned medium caused a net increase of
approximately 70 cells per mm2 of both cell types on the lower
filter surface (Fig. 3). Conditioned medium from preadipocytes
was even less stimulatory (Fig. 3). Checkerboard analysis in-
dicates that the stimulation of SMC motility also consists of
both chemotactic and chemokinetic components (data not
shown). Adipocyte-conditioned medium thus appears to have
much more chemotactic activity toward endothelial cells than
toward these other cell types. Although we cannot rule out the
possibility that under different assay conditions (e.g., coating
the filters with different substrates) these other cell types could
be strongly stimulated by adipocyte-conditioned medium, it
should be noted that the collagen-fibronectin substrate used
has been shown to be an optimal or near-optimal substrate for
the response of fibroblasts and SMC to other chemotactic fac-
tors (17, 18).

DISCUSSION
Neovascularization appears to consist of at least three distin-
guishable processes involving endothelial cells: (i) changes in
attachment to the extracellular matrix and to each other (1); (ii)
movement towards the tissue being vascularized (1); and (iii)
proliferation to provide cells for new vessels (1-3, 15). This pa-
per reports that 3T3-F442A cells produce, in a differentiation-
dependent manner, factor(s) that stimulate neovascularization
in vivo (Table 1) and endothelial cell chemotaxis in vitro (Figs.
1 and 2). Although there are numerous reports of substances
that stimulate endothelial cell growth in vitro or neovasculariza-
tion in vivo (see ref. 3 for a review), an angiogenic activity se-
creted as a consequence of the differentiation of the producer
cell type has not been demonstrated previously, to our knowl-
edge. This behavior resembles the angiogenic response to adi-
pocyte differentiation during embryological development (5).
We have previously shown that adipocytes produce a potent

mitogenic activity for capillary and aortic endothelial cells in
vitro (7). Production of the mitogenic activity is differentiation
dependent and specific for endothelial cells (7). Rifkin and co-
workers recently demonstrated that conditioned medium from
adipocytes, but not from preadipocytes, strongly stimulated
both plasminogen activator and collagenase activities in capil-
lary endothelial cells (22). These protease activities were not
stimulated in aortic endothelial cells. This is in contrast to the
mitogenic (7) and chemotactic activities, which are observed
with both capillary and aortic endothelial cells. Thus, 3T3 adi-
pocytes produce factor(s) that stimulate endothelial cells to un-
dertake three processes in vitro that are likely to be directly
related to the ability of adipocytes to stimulate neovasculariza-
tion in vivo-increases in protease activity, chemotaxis, and
proliferation. All of these activities, like angiogenesis in in vivo
assays, are dependent on the differentiation of the adipocytes.
Although the absolute necessity of, and relationship between,
these various components of neovascularization have not been
extensively explored, it seems reasonable to assume that each
must occur to stimulate new blood vessel proliferation in vivo.
The neovascularization of the chicken chorioallantoic mem-

brane induced by adipocyte-conditioned medium was poten-
tiated by heparin, although heparin by itself did not stimulate
new vessel growth (Table 1). The potentiation of angiogenesis
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by heparin was observed by Taylor and Folkman (19), using
tumor cell extracts. The observations reported here indicate
that this is a general effect and suggest a role for heparin or re-
lated species in developmental neovascularization. The mech-
anism of the heparin effect is unknown, but the heparin may
function by stimulating a rate-limiting step in neovasculariza-
tion or by inactivating an endogenous inhibitor ofangiogenesis,
thus allowing more rapid vessel growth. It may also potentiate
neovascularization by aiding in the formation of the gradient of
adipocyte-conditioned medium released from the coverslip on
the chorioallantoic membrane.
The adipocyte-endothelial cell system we have described has

several important features. First, because the production of
adipocyte-derived angiogenic factor(s) is closely linked to the
cell differentiation process, this system offers the opportunity
to study the relationship between gene expression, differentia-
tion, and the control of tissue vascularization. Second, because
proliferation, chemotaxis, and protease activity in endothelial
cells are all strongly stimulated by adipocyte-conditioned me-
dium, it should be possible to determine if a single adipocyte-
derived factor stimulates all of these processes, or ifangiogene-
sis requires several distinct molecular signals. Finally, compar-
ison of the biochemical properties of the adipocyte-produced
factors with angiogenic factors derived from other sources
should provide insights into the relationship between different
types of normal and pathological neovascularization.
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