
constructs prepared from HUVECs alone
showed minimal perfusion and had gener-
ally disappeared after 60 days (Fig. 1c), even
though early morphological changes were
similar in the two types of construct.

We labelled 10T1/2 cells with EGFP for
in vivo microscopy to confirm that they had
been incorporated into the vessel wall 
(Fig. 1d). Cells derived from 10T1/2 cells
invested along the perfused vessels.
Immunohistochemistry revealed that
human cells positive for CD31 (an endo-
thelial cell marker) lined the lumen of the
engineered vessels and that these vessels
were fortified by 10T1/2-derived cells that
expressed the mural-cell marker smooth-
muscle �-actin (results not shown).

The 10T1/2 cells that were not associa-
ted with new blood vessels did not express
appreciable amounts of mural-cell marker.
Some mural cells of the engineered vessels
derived from the host. However, the engi-
neered vessels in the HUVEC-alone con-
struct rarely survived. Delays in mural-cell
recruitment from the underlying host tis-
sue resulted in the regression of most of the
vessels engineered from HUVECs alone. In
the co-implantation constructs, however,
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To create stable vessels, we first seeded
human umbilical-vein endothelial cells
(HUVECs) and 10T1/2 mesenchymal 
precursor cells in a three-dimensional
fibronectin–type I collagen gel (for meth-
ods, see supplementary information). The
10T1/2 cells differentiate into mural cells
through heterotypic interaction with
endothelial cells1–3.

To permit continuous observation of
the engineered vascular networks in vivo,
we implanted the three-dimensional 
constructs into mice bearing transparent
‘windows’4.The gene for enhanced green
fluorescent protein (EGFP) was introduced
in order to track the implanted HUVECs5.

Initially, the HUVECs formed long,
interconnected tubes with many branches
that showed no evidence of perfusion (Fig.
1a). Subsequently, they connected to the
mouse’s circulatory system and became
perfused (Fig. 1b; for movie, see supple-
mentary information). This led to a rapid
increase in the number of perfused vessels
in the first two weeks, followed by stabili-
zation (Fig. 1c), whereas the number of
non-perfused vessels gradually decreased
and eventually disappeared. By contrast,

Figure 1 Morphological and functional analysis of engineered blood vessels. Human umbilical-vein endothelial cells (HUVECs) and

10T1/2 mesenchymal precursor cells, or HUVECs alone, were seeded in three-dimensional constructs and then implanted in mice. a, b,

Three-dimensional, intravital, multiphoton laser-scanning microscopy4 images of engineered vessels (green, HUVECs expressing

enhanced green fluorescent protein (EGFP); red, functional blood vessels contrast-enhanced with Rho–dextran). a, Four days after

implantation of a HUVEC�10T1/2 construct. Large vacuoles in the tubes (arrows) resemble the lumen of a capillary vessel but are not

perfused (as indicated by the absence of red). b, Four months after implantation of a HUVEC�10T1/2 construct: engineered vessels are

still stable and functional. c, Temporal changes in functional density of engineered vessels (total length of perfused vessel structure per

unit area); n�4; mean � s.e.m. is shown; asterisks indicate significance (P < 0.05) between the two groups (Mann–Whitney U-test).

Top curve, HUVEC�10T1/2 construct; lower curve, HUVEC-alone construct. d, Three-dimensional image of engineered vessels, 4 weeks

after implantation of a HUVEC�EGFP-expressing 10T1/2 construct (green, 10T1/2 deprived cells; red, functional blood vessels). Scale

bar, 50 �m. Further details are available from the authors.

The construction of stable blood vessels
is a fundamental challenge for tissue
engineering in regenerative medicine.

Although certain genes can be introduced
into vascular cells to enhance their survival
and proliferation, these manipulations
may be oncogenic. We show here that a
network of long-lasting blood vessels can
be formed in mice by co-implantation of
vascular endothelial cells and mesenchy-
mal precursor cells, by-passing the need
for risky genetic manipulations. These net-
works are stable and functional for one
year in vivo.

Tissue engineering

Creation of long-lasting
blood vessels

ducts of two recipient monkeys. Two moru-
la-stage embryos were transferred laparo-
scopically to a third monkey. A normal sin-
gleton gestation resulted from the transfer of
the morulas, ending in the birth last year of a
healthy female weighing 500 g (Fig.2).

To our knowledge, this is the first suc-
cessful fertilization and pregnancy to follow
egg collection from fresh transplanted
ovarian tissue in a primate. Although the
kidney supported endocrine function in
the transplanted tissue, the arm and
abdomen transplantation sites provided
easier access for retrieving oocytes.

The procedure described here has the
potential to rescue fertility in cancer sur-
vivors. However, before widespread clinical
application is  feasible, it will be necessary to
test whether cryopreserved ovarian tissue can
be transplanted to the oocyte donor,as well as
whether it can sustain ovarian steroid-hor-
mone support during her pregnancy8.
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responders will never reject any non-zero
offer). Once some responders are willing to
reject low offers, self-interest guarantees
that proposers will raise their offers.

Two kinds of variation from the standard
ultimatum game suggest that humans,
unlike capuchins, would not reject in Bros-
nan and de Waal’s experimental context.
Two versions of a reduced-form ultimatum
game have been compared6: the first was a
standard game, except that proposers had
only two choices, an equitable allocation or
a highly inequitable one; and the second (the
‘impunity game’) was identical, except that
if the responder rejected his offer, the pro-
poser’s pay-off remained unchanged (but
the responder received zero). In the first 
version, players were willing to reject
inequitable allocations, whereas in the sec-
ond version (which parallels the capuchin
situation), subjects never rejected.

Similar evidence comes from multi-
lateral ultimatum games in which one pro-
poser faces multiple responders (see 
U. Fischbacher, C. M. Fong & E. Fehr,
www.iew.unizh.ch/wp/iewwp133.pdf). In
this set-up, as long as one of the responders
accepts the offer, the proposer gets his pay-
off. As before, the responder’s ability to
affect the proposer’s pay-off by rejecting 
is mitigated by the other responders who
might accept. As predicted by inequity aver-
sion, responders decrease their willingness
to reject, and proposers drop their offers
accordingly. Therefore, although both of
these experimental patterns are consistent
with inequity aversion, both also seem to 
be at odds with Brosnan and de Waal’s
capuchin findings: that is, they show that
humans will not reject unless this affects the
other’s pay-off.

Brosnan and de Waal also suggest that
inequity aversion is probably a human uni-
versal, and they cite work that uses the ulti-
matum game in 15 small-scale societies3–5. If
responder behaviour (willingness to reject
low offers) is taken as the most direct mea-
sure of inequity aversion, then our results do
not support the universal claim. Although
five societies do show evidence consistent
with inequity aversion, three others show
evidence of trivially little or no inequity
aversion. The remainder have so few 
low offers that no substantial claims 
can be made.
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COMMUNICATIONS ARISING

Animal behaviour

Inequity aversion in
capuchins?

Brosnan and de Waal1 have shown that
capuchin monkeys are more likely to
reject a cucumber slice after seeing

that another capuchin has received a more
attractive grape. In interpreting this find-
ing, the authors make a link to work in
humans on ‘inequity aversion’ and suggest
that capuchins, like humans, may reject
rewards because they are averse to unequal
pay-offs. Here I argue that this interpreta-
tion suffers from three problems: the
results contradict the predictions of the
inequity-aversion model that Bosnan and
de Waal cite2; experimental results indicate
that humans do not behave like capuchins
in similar circumstances; and the available
evidence does not suggest that inequity
aversion is cross-culturally universal3–5.

I consider these points in turn. Brosnan
and de Waal link their findings to work
showing that a wide range of experimental
behaviour in humans can be understood by
introducing a preference for equity into the
standard self-interested utility function.
The effect of introducing this non-selfish
preference is to cause individuals — under
certain circumstances — to give up some of
their pay-off in order to decrease the gains of
other individuals.

Applying the Fehr–Schmidt inequity-
aversion model2 cited by Brosnan and de
Waal to the capuchin experimental situation
predicts that capuchins should always eat
the cucumber. It does not predict that
inequity-averse individuals will reject the
food reward, which is what the monkeys 
did. Rejecting the cucumber increases, not
decreases, inequality. Moreover, the grape-
receiving capuchins sometimes reached
through the cage and stole their partner’s
discarded cucumber, exacerbating the
inequality.

Consistent with inequity aversion in
humans, the results from experimental vari-
ations of the ultimatum game suggest that
humans would not reject a reward unless
that rejection reduced the take of the indi-
vidual who received more. In the ultimatum
game, two players are allotted a sum of
money to divide. The first player — the ‘pro-
poser’ — must offer a portion of the sum to
the second player — the ‘responder’ — who
must then decide whether to ‘accept’ or
‘reject’ the offer. If the responder accepts, he
gets the amount of the offer and the propos-
er receives the remainder. If he rejects, both
players get zero. The game is played once,
and players never learn their partner’s iden-
tity. Inequity aversion can explain the will-
ingness of responders to reject low offers 
(in contrast, pure self-interest predicts that

the abundance of mural-precursor cells
allowed efficient recruitment and invest-
ment of mural cells to the engineered ves-
sels, thereby enhancing their stability.

The vascular permeability of the engi-
neered vessels is higher than that of normal,
quiescent vessels, but is in the lower range 
of permeability values induced by various
angiogenic molecules (see supplementary
information). As in normal microcircula-
tion, arteriolar and venular sides of the
engineered vessels are readily identified by
the pattern of blood flow. Local administra-
tion of a vasoconstrictor, endothelin-1,
prompted constriction of the engineered
arterial vessels. The few surviving arterioles
in the HUVEC-alone constructs were sig-
nificantly less contractile than those in the
combined constructs (see supplementary
information). These results indicate that
the vessels that formed in the co-implanta-
tion construct have a better functionality.

Engineered blood vessels have often
been found to be immature and unstable6.
Genes that enhance the survival and/or pro-
liferation of vascular cells –– endothelial
cells and mural cells –– can be introduced to
extend the lifespan of the engineered ves-
sels5,7,8, but these may prove to be onco-
genic. We have created long-lasting blood
vessels without such genetic manipulation.

In addition to realizing a crucial step in
tissue engineering, our system provides a
platform for testing the in vivo functions of
factors that control angiogenesis, vasculo-
genesis and vessel maturation. The likely
existence of endothelial and of smooth-
muscle progenitor cells in adults9,10 indi-
cates that these cells might serve as a source
of autologous cells for engineering blood
vessels by using the approach described
here.
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