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Table 2. Detection limits, RSD(%), and plates of selected steroids with sweeping (12).

Steroids Progesterone Testosterone Fluocinolone Dexamethasone
Equation of line y=127x—-158 y=118x — 134 y=100x— 132 y=089x —0.98
Coefficient of 2=0.9890 r? = 0.9866 r? =0.9859 r? =0.9982

variation
Limit of detection 26 1.7 1.8 96
(ppb)
RSD(%)
Migration time 03 0.3 03 03
Peak height 13.8 39 6.9 85
Corrected area 9.4 3.7 4.8 53
Plates 1.3 % 108 8.1 X 10° 4.9 X 10° 9.4 X 104

Packard 3D capillary electrophoresis system equipped
with a capillary (50-um inside diameter, 56 cm to the
detector, and 64.5 cm total length) thermostated at
20°C. Burning off a 3-mm portion of the polyimide
capillary coating formed the detection window.

8. The value of k was computed for phenanthrene as

marker of the micelle and with the equation t_/
(t, — t..), wheret,__andt_are the migration times of
the marker and analyte, respectively.

9. The trend of Eq. 2 was not verified for the higher k
values, because accurate determination of k when
values are very high (>>100} is difficult. This is be-

Increased Vascularization in
Mice Overexpressing
Angiopoietin-1
Chitra Suri, Joyce McClain, Gavin Thurston,
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Thomas N. Sato, George D. Yancopoulos*

The angiopoietins and members of the vascular endothelial growth factor
( VEGF) family are the only growth factors thought to be largely specific for
vascular endothelial cells. Targeted gene inactivation studies in mice have
shown that VEGF is necessary for the early stages of vascular development and
that angiopoietin-1 is required for the later stages of vascular remodeling. Here
it is shown that transgenic overexpression of angiopoietin-1 in the skin of mice
produces larger, more numerous, and more highly branched vessels. These
results raise the possibility that angiopoietins can be used, alone or in com-
bination with VEGF, to promote therapeutic angiogenesis.

Vascular development can be divided into an
carly stage (vasculogenesis) and a later stage
(angiogenesis) (/). During vasculogenesis, en-
dothelial cells differentiate, proliferate, and co-
alesce to form a primitive vascular network.
Subsequently, this network is transformed into
the mature vasculature through angiogenic re-
modeling processes that involve the sprouting,
branching, pruning, and differential growth of
vessels, as well as the recruitment of supporting
cells.
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Two families of growth factors are thought
to be largely specific for the vascular endothe-
lium, because expression of their receptors is
mainly restricted to endothelial cells (2, 3).
These factors include VEGF and its relatives,
which are required for vasculogenesis, and the
angiopoietins, which appear to be involved in
later stages of vessel growth and remodeling.
The inactivation of the gene for VEGF or its
receptor (VEGFR2) in mice disrupts vascular
development at an early stage when endothelial
cells begin to differentiate and proliferate (4—
6). When angiopoietin-1 (Angl) or its receptor
(Tie2) is inactivated in mice (7-9), the embryos
die from the defects in vascular remodeling that
occur subsequent to vascular network forma-
tion. A factor related to Angl (Ang2) apparent-
ly acts as a natural antagonist of Tie2 by block-
ing receptor activation by Angl (/0). Consis-
tent with this concept, transgenic overexpres-
sion of Ang2 results in embryonic lethality due
to vascular defects that are similar to those

cause elution occurs rapidly (peak compression) and
no separation occurs without the addition of aque-
ous-phase modifiers to the BGS.

. With 2-m-long capillaries and applied voltage at —30
kV, migration times were more than 1 hour.

. Sweeping enhancement factor = peak height ob-
tained with sweeping/peak height obtained with usu-
al injection (1 or 2 s at 50 millibars). Supplementary
material is available at www.sciencemag.org/feature/
data/983374.shl.

. Conditions: injected length of S, 42 cm; other condi-
tions are the same as in Fig. 2; equation of the line,
log(ppb) = (slope} X log{(mAU} + y intercept; cali-
bration concentration range, 10 to 100 ppb; limit of
detection, signal/noise ratio = 3; %RSD (n = 7).
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occurring in the absence of Angl or Tie2 (10).

In vitro studies support the notion that
Angl and VEGF have distinct and comple-
mentary roles; Angl is not as effective as
VEGF in the induction of endothelial cell
proliferation or tubule formation in culture,
although it can induce sprouting and branch-
like phenomena (3, /7). In addition to such
remodeling actions, Angl may be required
for vessel survival or stabilization (9). How-
ever, there is no direct evidence that excess
Ang]l can promote angiogenesis and vascular
remodeling in vivo.

To determine the effects of localized Angl
overexpression, we generated transgenic mice
that overexpressed the protein in their skin. An
expression cassette was constructed in which
the Angl ¢cDNA was placed under the control of
the keratin 14 (K14) gene promoter and en-
hancer elements (Fig. 1A), which have been
previously used to direct gene expression to the
skin (/2). In transgenic mice that harbor the
K14-4Angl cassette, skin tissue contained about
12 times the normal amount of Angl mRNA
(Fig. 1B). In situ hybridization analysis showed
that the transgenic transcript was localized to
the basal keratinocyte layer of the epidermis as
well as to the keratinocytes that line hair folli-
cles (Fig. 1C).

Transgenic mice overexpressing Angl ap-
peared generally healthy, as they gained weight
and bred normally. However, the skin of these
mice appeared strikingly different from that of
the control mice. The newborn transgenic mice
had many more large blood vessels in their skin
(Fig. 2A). The skin of older transgenic mice
was markedly redder than normal and became
progressively redder from the ages of 2 weeks
to 2 months (Fig. 2, B to D), indicating that
transgenic Angl continued to have effects dur-
ing postnatal growth.

Distinctive changes in the microvasculature
were evident in whole mount preparations of
the skin of adult mice, in which vessels were
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visualized with fluorescein-labeled dextran
(Fig. 3, A and B) or a biotin-labeled lectin (Fig.
3, C and D). Dermal capillaries and venules
were more numerous, more highly branched,
and (in some cases) enlarged in the skin of
transgenic mice. Although the vessels appeared
to be rather normal in most skin regions, the
skin from the tip of the ear consistently con-
tained prominently enlarged venules that were

A ATG TGA
1.95 kb 17 0.5 kb
B WT Tg
il " L - 288
Tg == - 188

Fig. 1. Overexpression of Ang1 in the skin of
transgenic mice. (A) The K14-Ang1 expression
cassette consisted of 1.7 kb of the mouse Ang1
cDNA (containing the full coding region), which
was cloned into a Bam H1 site between the K14
gene promoter/enhancer and the K14 polyad-
enylation sequence (72). (B) Northern blot
analysis of the total RNA (10 pg) isolated from
the skin of adult transgenic (Tg) and wild-type
(WT) littermates with a probe for Angl as
described (10). Densitometry was used to de-
termine the relative levels of the transgenic and
endogenous Ang1 transcripts (Tg, transgenic
Ang1 transcript of ~2.5 kb; E, endogenous
Ang1 transcript of ~4.8 kb; positions of 285
and 18S ribosomal RNA are indicated). (C) In
situ hybridization analysis of the skin of wild-
type and transgenic mice with a probe for Ang1
as described (70). Top panels depict bright-field
photomicrographs in which the basal layer of
the epidermis (arrow) and hair follicles (brack-
et) are indicated; bottom panels depict dark-
field images after in situ hybridization.
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abnormally shaped because of vascular varicos-
ities (Fig. 3D, inset). Such characteristic region-
al differences in Angl action may be due to
interactions with other localized angiogenic

stained immunohistochemically for the endo-
thelial cell-specific marker PECAM (platelet
and endothelial cell adhesion molecule), also
showed more numerous (Fig. 3, E to H) and

mediators.
Histological sections of skin, which were

enlarged (Fig. 3, I and J) vessels in adult
transgenic mice in comparison to their wild-

Fig. 2. Overt skin pheno-
type in newborn and adult
Ang1 transgenic mice. (A)
Transgenic pups can easily
be distinguished from wild-
type littermates because of
their enlarged surface
blood vessels. (B to D) The
skin of 2-week-old trans-
genic mice was only slight-
ly redder than that of wild-
type littermates but be-
came increasingly redder
as the mice grew older. The
transgenic line with the
most dramatic phenotype
is depicted; a less visible
version of the phenotype
was evident in other lines,
which was consistent with
lower expression of the
transgenic Ang1 in those
lines.

Newborn

2 Weeks

Table 1. Comparison of blood vessel length density and shape between transgenic and wild-type mice;
quantitation was done on skin samples from four transgenic mice (all from the line that exhibited the
most dramatic phenotype) and four control mice, as described (28, 29). The vessel length density was
obtained stereologically from the counts of vessel profiles that were observed per unit area of section
tissue, and this density represents the total length of vessels per unit volume, as described (28, 29). The
vessel profiles were either roughly ellipsoidal (as expected of a section through a cylindrical vessel
segment) or Y-shaped (as expected for a section through a vessel bifurcation or branch). The fraction of
the branched vessel profiles reflects the number of branched profiles over the total number of vessel
profiles. The minimum caliper diameter of the vessel profiles provides a measure of the vessel lumenal
girth; 367 vessels from the skin of control mice and 966 vessels from the skin of trangenic mice were
measured to obtain this data, and a uniform increase in the lumenal girth of transgenic vessels was noted
across all microvessel sizes. Standard deviations are provided for the vessel density and branched vessel
fraction measurements, and probability values (P) are provided for all transgenic values. Two-tailed t tests
assuming equal variance in two groups (n = 4) were used to determine P for vessel density and branched
vessel fraction, and the two-sample Kolmogorov-Smirnov test was used to compare the minimal caliper
diameter data from transgenic versus wild-type tissue of pooled vessels.

Fraction of vessel

Vessel density Minimum caliper

Mice 3 profiles that are .
(mm/mm?3) branched diameter (pum)
Wild type 615 = 218 0.041 = 0.003 6.952
Transgenic 1240 = 340 0.220 = 0018 9.933
(P = 0.089) (P = 0.00003) (P = 0.0000001)
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type littermates, as did three-dimensional re-
constructions that were derived from optical
sectioning of tissue examined en bloc (Fig. 3,
K and L). A quantitative analysis of these
sections confirmed that there was a particu-
larly striking increase in vessel branching and
further showed that vessel size was uniformly
increased in all microvessels (Table 1).
Analysis by transmission electron micros-
copy (TEM) confirmed that the transgenic
vessels exhibited normal cell-cell contacts
between endothelial cells and adjacent peri-
cytes and fibroblasts (Fig. 3, M and N). The
endothelial cell width was slightly increased

Wild-Type

K14-Ang1

Fig. 3. Two- and three-dimensional visualiza-
tions of the microvessels in adult Ang1 trans-
genic and control mice. (A and B) Whole
mount views of ear skin, which were taken
from mice perfused with fluorescein-labeled
dextran (average molecular weight, ~2 X 10°)
(23), reveal increased vascular density and in-
creased branching in the ears of transgenic
mice. (C and D) Microvessels in whole mount
views of ear skin, which were taken from mice
perfused with biotin-labeled lectin (24, 25) (art,
arteriole; ven, venule; cap, capillary). Inset in (D)
displays a region from the tip of the ear of the
transgenic mouse [shown at the same magni-
fication as (C) and (D)], where the vessels have
the appearance of enlarged venules with vari-
cosities and irregular diameters. (E and F) His-
tological sections of skin, which were stained
immunohistochemically for the endothelial
cell-specific marker PECAM (70), show hyper-
vascularity in the transgenic mice; arrowheads
denote typical vessels. (G and H) Computer
tracings of the vessels in (E) and (F). (I and J)
Higher power views illustrating the large ves-
sels in transgenic skin, which (in comparison to

REPORTS

in transgenic vessels, and no evidence of
plasma leakage, edema, or erythrocyte ex-
travasation was detected in either the whole
mount preparations or in the sections. Thus,
the vasculature in the skin of transgenic mice
was largely intact and functional as judged by
the healthy appearance of the skin and the
absence of hemorrhage, edema, ulceration,
hair loss, or other skin lesions.

Our results show that overexpression of
Ang] in vivo results in a dramatic increase in
the number, size, and branching pattern of
blood vessels. The particularly striking in-
crease in branching suggests a key role for

Wild-Type K14-Ang1

-_—

K

the microvessels in control mice) have visible lumens; arrowheads denote vessel cross sections. (K and
L) Three-dimensional computer reconstructions of typical vessel patterns in dorsal skin samples that
were stained with the fluorescent dye lucifer yellow and examined as a whole by optical sectioning (26,
27). (M and N) Ultrastructural analysis with Zeiss EM10 transmission electron microscopy reveals
normal microvessel architecture and cell-cell contacts in transgenics (e, endothelial cell nucleus; p,
pericyte cell nucleus). The scale bars represent 25 pm, except in panels (M) and (N), where they

represent 1 pm.

Angl in this aspect of angiogenesis, which is
consistent with observations indicating that
Angl can promote sprouting and branchlike
phenomena in vitro (/7). In addition, sugges-
tions that Angl may stabilize endothelial
cells (9) raise the possibility that the in-
creased vascularization may also result from
decreases in the vessel pruning and regres-
sion that normally accompany physiological
angiogenesis (/3). Angl and VEGF (/4, 15)
are the only factors whose transgenic over-
expression results in a specific increase in the
number of blood vessels. In contrast,
VEGF-C overexpression results in a specific
increase in the number of lymphatic vessels
(16), and although fibroblast growth factor
(FGF) overexpression can produce an in-
crease in the number of blood vessels, this
effect is associated with more extensive ac-
tions on many other cell types (/7), as would
be expected on the basis of the widespread
expression of the FGF receptor. The blood
vessels formed in response to increased
VEGF activity appear to be characterized by
endothelial leakiness (74, 15, 18). In a recent
study, transgenic overexpression of VEGF in
skin with the K14 promoter system resulted
in modest increases in vessel number, and the
mice showed signs of chronic skin inflamma-
tion such as vessel hyperpermeability and
leukocyte recruitment (79). These results, and
other evidence of abnormalities in VEGF-
induced vessels (20, 21), suggest that VEGF
alone may be an insufficient stimulus for the
development of healthy blood vessels in
adults.

In our experiments, the overexpressed
Angl most likely interacts with endogenous
angiogenic agents normally present in skin,
such as VEGF (22). During embryonic devel-
opment, VEGF and Angl appear to play co-
ordinated and complementary roles (4—10),
with VEGF required early in development
and Angl required later for vascular remod-
eling and maturation. Thus, in the context of
therapeutic angiogenesis (for example, to
promote neovascularization of an ischemic
heart, the skin, or limb muscles), the best
results might be achieved by manipulating
both the VEGF and angiopoietin systems so
as to not only increase the number of vessels
but also to ensure that the new vessels form
and function property.
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Host-Race Formation in the
Common Cuckoo

Karen Marchetti,* Hiroshi Nakamura, H. Lisle Gibbs

The exploitation of a new host by a parasite may result in host-race formation
or speciation. A brood parasitic bird, the common cuckoo, is divided into host
races, each characterized by egg mimicry of different host species. Microsat-
ellite DNA markers were used to examine cuckoo mating patterns and host
usage in an area where a new host has been recently colonized. Female cuckoos
show strong host preferences, but individual males mate with females that lay
in the nests of different hosts. Female host specialization may lead to the
evolution of sex-linked traits such as egg mimicry, even though gene flow
through the male line prevents completion of the speciation process.

Avian brood parasites lay their eggs in the
nests of other bird species and raise none of
their own young, often greatly reducing the
reproductive success of their hosts. Parasit-
ism typically results in the evolution of host
discrimination and rejection of unlike eggs
which, in turn, selects for improved egg mim-
icry by the parasite (/, 2). The common
cuckoo, Cuculus canorus, is divided into dif-
ferent host races, or gentes, each character-
ized by egg mimicry (I, 2) but showing no
differentiation in mitochondrial or nuclear
DNA markers (3), which implies rapid host-
race ecvolution. The first step in host-race
formation is the exploitation of a new host,
followed by adaptation to that host. In central
Japan, cuckoos began to exploit the azure-
winged magpie (Cyanopica cyana) 20 to 30
years ago as a result of expansion of the
magpie’s breeding range (4—6). Cuckoos
also utilize two other hosts in the area: the
great reed warbler (Acrocephalus arundina-
ceus) and the bull-headed shrike (Lanius
bucephalus) (4-7). To investigate the pro-
cess of host-race formation in this cuckoo
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population, we have studied the mating sys-
tem and patterns of individual host use (8).
To date, the mating system of the cuckoo
has been impossible to determine directly
because parents do not attend nests and are
difficult to catch and mark. We used eight
cuckoo-specific microsatellite DNA markers
(9) to establish the parentage of 136 chicks
collected from known host nests. From these
data, we determined cuckoo mating patterns
(monogamous, polygamous, or promiscuous)
and individual differences in host use (spe-
cialist or generalist). We captured and geno-
typed 83 adult males and 79 adult females.
Adult cuckoos were sexed on the basis of
behavioral observations (4—6) or by use of a
DNA-based sex identification test (/0). Ex-
amination of variation at the different micro-
satellite loci enabled us to assign at least one
sampled adult as the parent of 84% (114 out
of 136) of nestlings sampled with a high
degree of confidence (P < 0.01) (/1). We
assigned parentage only if parent or parents
and offspring matched unambiguously at
eight out of eight microsatellite loci (/2).
To determine cuckoo mating patterns, we
examined whether adults that produced more
than one offspring also mated with more than
one individual. The mating system is poly-
gamous, with substantial numbers of both
male and female cuckoos having multiple
partners (Fig. 1). Previous studies implied
that common cuckoos mate multiply (/, 5,
13), and a recent molecular study has shown
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polygamous mating in a different cuckoo spe-
cies (/4). There are no demonstrable sex dif-
ferences in the proportion of individuals that
had multiple mates [within years, individuals
being included only once, 7 out of 15 males
and 3 out of 18 females had more than one
mate (Fisher exact test, P = 0.13)].

To determine patterns of host use (special-
ist or generalist), we examined whether indi-
vidual cuckoos that produced more than one
offspring had offspring in the nests of more
than one host species. Among males and
females that were parents to two or more
chicks, there were similar numbers of chicks
(Fig. 2) (n = 92 chicks in males and 93 in
females), but they were distributed different-
ly. Seven of the 19 males but only 2 of the 24
females had offspring in nests of.more than
one host (Fisher exact test, P < 0.05). Thus,
male and female cuckoos differ in host spec-
ificity, and males are more generalized in

Number of males
> (o))

N

B 30
271
241
211
18
151
121
9-
6

Number of females

oA

1

2
Number of mates

Fig. 1. Number of mates per individual male (A)
and female (B) during 1991-1994. Only individ-
uals producing more than one offspring are in-
cluded. Individuals are tallied across all years
combined (hatched bars) as well as separately for
each season (black bars). In the latter case, if an
individual had two or more offspring in more than
1 year, it was scored separately for each year.
Total sample sizes are as follows: males within
years, 19; males across years, 25; females within
years, 21; females across years, 29.
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