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FIG. 3 a, b, Whole-mount LacZ staining
revealing a dense network of sprouting
vessels in the head mesenchyme and
between the somites (arrows indicate
intersomitic vessels), and the proper
connections between the dorsal aortae
and the heart of a 9.5-d.p.c. F, VEGF*/*:
tie-1-lacZ*/~ embryo (a). The 9.5-d.p.c.
F, VEGF*/~:tie-1-lacZ*/~ embryo (b) con-
tained a dorsal aorta that appeared as a
vascular string with a reduced diameter,
fewer intersomitic vessels, and abnormal
organization of vessels, connecting with
the heart. c, d, Injection of ink made visible
the heart and the major intra-embryonic
vessels (including the dorsal aorta; arrows
in ¢) in the iVEGF*/*, but only the heart in
the VEGF*/~ T-ES cell-derived embryo
(both at 9.5-d.p.c.). e, f, Macroscopic
examination of the yolk sac revealing the
presence of a dense capillary plexus with
larger collecting vessels (indicated by
arrow) in the 9.5-d.p.c. F; VEGF*'~ yolk
sac (e), but only an irregular and less
dense network of wider capillaries without
larger collecting vessels in the 9.5-d.p.c.
F, VEGF*/~ yolk sac (f). g Section
through a yolk sac, revealing an individual
yolk-sac vessel with endothelial cells
(arrowhead), and the visceral endoderm
layer (arrow). Lines denote the cross-
sectional length of the yolk-sac vessel,
adjacent and parallel to the endoderm
layer (c), the empty space between
vessels (e) and the total yolk-sac length
analysed (t). Measurements of these dis-
tances were used to calculate the vessel
density (see Table 1b). h,i, Sections
through a 9.5-d.p.c. F,-VEGF*/~ yolk sac (h), revealing a network of small
vessels and a larger collecting vessel (open arrow), that connects with the
intra-embryonic vitelline vessel. Sections through a 9.5-d.p.c. F,-VEGF */~
yolk sac (i) revealed fewer but enlarged small yolk-sac vessels, and the
absence of the larger collecting vessels.
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METHODS. T-ES-derived embryos were dissected at 9.5-d.p.c. and filtered
ink was immediately injected into the beating heart, using a heat-drawn
capillary and a Narashigi micro-syringe-based injector. Dissection, fixation
and staining of the embryos were done as described in Fig. 2.
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ANGIOGENESIS is required for a wide variety of physiological and
pathological processes'. The endothelial cell-specific mitogen
vascular endothelial growth factor (VEGF)>* is a major mediator
of pathological angiogenesis**. Also, the expression of VEGF and
its two receptors, Fit-1 and FIk-1/KDR, is related to the formation
of blood vessels in mouse and rat embryos’ . Mice homozygous
for mutations that inactivate either receptor die ir utero between
days 8.5 and 9.5 (refs 11,12). However, ligand(s) other than VEGF
might activate such receptors™'. To assess the role of VEGF
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directly, we disrupted the VEGF gene in embryonic stem cells.
Here we report the unexpected finding that loss of a single VEGF
allele is lethal in the mouse embryo between days 11 and 12.
Angiogenesis and blood-island formation were impaired, result-
ing in several developmental anomalies. Furthermore, VEGF-
null embryonic stem cells exhibit a dramatically reduced ability to
form tumours in nude mice.

We constructed a targeting vector in which the coding sequence
of exon 3 of the VEGF"” gene was replaced by a neomycin-
resistance'® (neo’) gene (Fig. 1a). Two independent embryonic
stem (ES) cell clones with a single VEGF allele mutation were
identified (Fig. 1b), one of which was used to generate VEGF~/~
ES cells (Fig. 1c). To confirm inactivation of the VEGF gene, we
analysed the production of VEGF in ES cells by a radioreceptor
assay”, using the two VEGF receptors Flt-1 and Flk-1/KDR. ES
cells subjected to a similar selection procedure to inactivate both
alleles of the c-mpl gene, which encodes the thrombopoietin
receptor’’, were included as controls. Wild-type and c-mpl /-
ES cells secrete similar amounts of activity able to compete with
both receptors (~ 15ngml ™! after 48 h in culture); VEGF*/~ cells
secreted approximately half of that amount, whereas VEGF ~/~
cells released no VEGF. These findings confirm VEGEF inactiva-
tion at the protein level and also argue against the possibility that
the targeted protein may exert a dominant-negative effect on
VEGF release in VEGF '/~ cells.

We tested the hypothesis that VEGF mediates vasculogenesis
in vitro by inducing embryoid body formation®® in wild-type or
VEGF~/~ ES cells. Immunostaining with an antibody specific for
CD34 revealed a vascular-like pattern in wild-type embryoid bodies,
in agreement with previous studies', whereas embryoid bodies
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derived from VEGF ™/~ ES cells failed to develop any organized
CD234-positive vessel-like pattern (unpublished observations).
We then used the nude mouse model to determine the role of
VEGEF in ES cell angiogenesis in vivo and in tumorigenesis®.
Wild-type or c-mpl~~ ES cells formed rapidly growing tumours,
whereas VEGF ™/~ ES cells had dramatically impaired ability to
grow in vivo. The difference in tumour weight between c-mpl =/~
and VEGF~/~ clones was more than tenfold by four weeks after
injection (Fig. 2a). Histologically, all of the ES-cell-derived
tumours were germ-cell tumours containing a variety of differ-
entiated and undifferentiated tissues, consistent with a teratoma?.
Although blood vessels were identified in all groups, the number
of vessels in the VEGF~/~ group was strikingly reduced and
showed a much less complex branching pattern than that observed
in groups with at least one intact VEGF allele (Fig. 2b—e).
VEGF*/~ ES cells were used to generate chimaeric mice
and both independent clones used transmitted the ES genetic
information to the germ line, as assessed by agouti offspring.
However, no viable heterozygous mice were obtained after > 100
offspring, suggesting either that the loss of VEGF was lethal in the
heterozygous state or that VEGF is maternally imprinted, which
would effectively eliminate expression as the ES cells used are
male. In blastocysts collected from females bred to germline-
producing males, the mutant allele was detected by the polymer-
ase chain reaction (PCR) at a mendelian ratio, confirming that
faulty chromosomal transmission or loss in the ES cells was not
responsible for the lack of heterozygous births. Presuming
embryonic lethality, we collected embryos derived from germ-
line-producing males at days E9.5-12.5. We observed a defect in
blood supply of the yolk sac in several embryos at E9.5-11.5 (Fig.
3a). PCR analysis of these yolk sacs indicated that all aberrant
embryos were positive for the neo’ gene, and that all normal
embryos were wild-type. The VEGF*/~ embryos exhibited several
anomalies™ (Fig. 3). In the cranial region, the branchial arches
were poorly developed and unsegmented. The forelimb buds were
positioned at their earlier caudal location and were unsegmented.
Also, the forebrain region appeared significantly underdeveloped
(Fig. 3b, g). In the heart region, the common atrium and primitive
ventricle were developmentally delayed®, the dorsal aortae were
rudimentary, and the thickness of the ventricular wall was mark-
edly decreased (Fig. 3b, ¢, g, k). Unlike the wild-type, in the mutant

21,22
s

FIG. 1 Targeting vector (a) and Southern blot analysis of single (b) and
double (c) allele targeted ES cells.

METHODS. An 18-kb genomic clone encompassing the 5 end of the
murine VEGF locus was isolated from a 129 A FIX library (Stratagene) and
characterized according to standard mapping procedures®’. A 4.4-kb
Sacll-Bglll fragment encoding exon 2 and a 7.5-kb EcoRI-Xhol (vector)
fragment containing exon 4 were ligated on either side of a PGK-neo
cassette’®, thus deleting exon 3 (ref. 15). The Bglll site was destroyed in the
ligation and an EcoRI site was introduced in its place. The direction of
transcription of the neomycin-resistance gene was in the opposite orienta-
tion to the VEGF gene. A CMV-TKpA cassette was added to the 5’ end of the
construct to allow negative selection for homologous recombination?.
Insertion of the neo cassette resulted in the creation of a new EcoRlI
fragment of 6.7 kb in contrast to the 9.4-kb wild-type allele. The targeting
vector (20 pg) was linearized and electroporated at 275V, 200 mF using a
BTX 300 electroporator into a subclone of D3 ES cells (ES D3 C12). Cells
were subjected to G418 selection'® at 400 pg mi~* and 0.2 uM 2-deoxy 2-
fluoro-B-p arabinosyl-5-idouracil (FIAU) for 10 days. Single colonies were
expanded for DNA isolation and Southern blot analysis using a 100-bp
oligonucleotide probe homologous to exon 1 sequences which are not
present in the targeting construct. The targeting frequency was 2 of 1,169
clones screened. The two clones were selected to generate chimaeric mice
by microinjection into the blastocoele cavity of 3.5-day C57BL/6)J blasto-
cysts??2, Chimaeric males were mated with C57BL/6J females and agouti
offspring were screened for germline transmission by PCR analysis for the
neo" gene. No heterozygous mice were obtained. To generate VEGF '~ ES
cells, a VEGF'/~ clone was grown in 1.5mgml~* G418 to select for cells
that had two copies of the neo’ gene?. After 10-12 days, individual clones
were expanded for DNA isolation and Southern analysis.
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embryo the vitelline veins failed to fuse with the yolk sac (data not
shown). The yolk sac revealed a substantially reduced number of
nucleated red blood cells within the blood islands (Fig. 3d, ). This
finding is consistent with there being insufficient activation of the
Flk-1/KDR tyrosine kinase by VEGF"2. Haematoxylin and eosin
and CD34 immunostaining, revealed significant defects in the
vasculature of other tissues and organs including placenta (Fig. 3e, j)
and the nervous system. The vascular pattern of the forebrain in
E10.5 wild-type and heterozygous embryos is shown in Fig. 4a, b, e, f.
In the wild-type embryos, both the neuroepithelium and the
adjacent mesenchyme contain numerous CD34-positive vessels
(Fig. 4a, b), whereas vascular elements in heterozygotes could be
demonstrated in the mesenchyme but not in the neuroepithelium
(Fig. 4e,f). This failure of blood-vessel ingrowth was accompanied
by apoptosis and disorganization of neuroepithelial cells (Fig. 4e,
f)- Consistent with the vascular deficit, apoptosis was dramatically
increased in the mutant embryos at E11.5 (data not shown), and
death occurs between days 11 and 12. Thus the VEGF*/~ embryos
survive approximately two days longer than the Flt-1 (ref. 11) or
Flk-1/KDR (ref. 12) null embryos, presumably reflecting a partial
activation of these tyrosine kinases.
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FIG. 2 ES cell tumorigenesis in nude mice. a, Tumour weight. b, c,
Haematoxylin and eosin staining and d, e, immunostaining for CD34 of
tumour sections derived from c-mpl~/~ (b, d) and VEGF~/~ (c, e) ES cells.
Histology shows representative sections of teratomas, containing glial
tissue, blood vessels (arrowheads) and glandular epithelium (Ep).
METHODS. For injection in nude mice, cells that had been cultured in the
presence of leukaemia inhibitory factor were dissociated from stock plates
by exposure to 125 mM NaCl, 5 mM KCI, 50 mM HEPES, 5mM glucose,
1 mM EDTA, pH 7.4; they were washed once, and then resuspended in PBS
at the appropriate density. Female Beige nude/xid mice (Charles River,
Wilmington, DE) 6-10 weeks old were injected subcutaneously with
1 x 107 cells in the dorsal area in a volume of 0.1 ml (n = 10). Values
shown in a are mean + s.e.m. of tumour weight determined 4 weeks after
cell injection. Statistical analysis was performed by Wilcoxon paired test.
Comparison of tumour weight of c-mpl~/~ group with those of the two
VEGF™/~ clones revealed P values < 0.005. The difference in tumour
weight between the c-mpl~/~ and VEGF*/~ groups was not significant. For
immunohistochemistry, a rabbit polyclonal antiserum raised against murine
CD34 was used. Primary antibody was detected with streptavidin—biotin by
the Vectastain kit, according to the manufacturer’s instructions (Vector).
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Specific expression of the VEGF mRNA was detected by in situ
hybridization in both wild-type and heterozygous embryos.
Expression of VEGF mRNA in the neuroepithelium is shown in
Fig. 4c,d, g, h. Thus the VEGF*/~ phenotype appears to be due to
gene dosage and not to maternal imprinting. Although several
heterozygous phenotypes have been described®, this may be the
first report that the loss of a single allele of a gene that does not
undergo maternal imprinting can be lethal. It is tempting to
speculate that, as VEGF concentrations and angiogenic gradients

FIG. 3 Gross appearance of wild-type (wt) and heterozygous (het) embryos
(a, f); haematoxylin and eosin stained sections (b—e, g—j). All embryos
shown are at E10.5. Note the developmental delay and the apparent
absence of blood supply in the yolk sac of the heterozygotes. b, g, Sagittal
sections of wt (b) and het (g) embryos illustrating their development.
Sections of wt (c) and het (h) embryos through the cardiac region
demonstrate lack of myoblast differentiation in the heterozygote. d, i, Yolk
sac sections of wt (d) and het (i) illustrating the scarcity of cellular elements
within the blood islands of the het. e, j, Sections through the placenta. Note
the delicate interweaving of maternal (black arrows) and fetal (white
arrows) vessels in the wt placenta (e), which contrasts with the condensed
appearance and presence of degenerating endothelium lining fetal
capillaries in the het (j). Abbreviations: hb, hindbrain; mb, midbrain; fb,
forebrain; ov, otic vesicle; he, heart; sc, spinal cord; st, somites; ba,
branchial arch; pc, pericardium; cv, common ventricle; bi (blood islands).
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FIG. 4 Haematoxylin and eosin staining (a, €), CD34 immunostaining (b, f)
and in situ hybridization with a probe specific for VEGF (c, d, g, h) on
sections of neuroepithelium (ne) from wild-type (wt) (a—d) and hetero-
zygous (het) (e—h) E10.5 embryos. Arrows indicate blood vessels. Note the
absence of blood vessels and the presence of apoptotic cells (arrowheads
in e) within the neuroepithelium of the het. This contrasts with the well-
differentiated and vascularized neuroepithelium in the wt (a, b). c, d, &, h,
Hybridization in both wt and het sections incubated with antisense (as)
probe but not in those incubates with control sense (s) probe.
METHODS. CD34 immunostaining was performed on tissues that had been
fixed in buffered formalin and then paraffin-embedded as described in
Fig. 2. For in situ hybridization, PCR amplification was used to generate a
251-bp VEGF fragment with attached T7 and T3 RNA polymerase promoter
sequences to allow RNA production. The VEGF probe corresponded to
nucleotides 259-509 of the mouse VEGF cDNA’. Mouse embryos were
fixed in 10% formalin for 2 h and snap-frozen in OCT using hexane, cooled
over an acetone/dry ice slurry. Blocks were stored at —80 °C, and ~ 8-um
thick sections were collected on silane-coated slides. Generation of a *3P-
UTP labelled antisense and sense RNA hybridization probes and in situ
hybridization were performed as described™®. Slides were developed after
two weeks.

fall below a threshold during critical periods, this causes irrever-
sible disruption of normal organogenesis. In this context it is
noteworthy that thalidomide, which results in severe limb mal-
formations® if present even for a short time and at low concen-
trations in the environment of the early human embryo, has been
shown to inhibit angiogenesis.

The finding that VEGF~/~ ES cells are dramatically impaired in
their ability to form tumours indicates that, even in a pluripotent
system, VEGF is required for effective tumorigenesis and angio-
genesis. Finally, although each component of the VEGF/Flt-1/
Flk-1 system is required for embryonic development, VEGF is the
most critical, as embryonic lethality occurs even in the hetero-
zygous state. O
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Convergence of magno- and
parvocellular pathways in
layer 4B of macaque
primary visual cortex
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Earvy visual processing is characterized by two independent
parallel pathways: the magnocellular stream, which carries
information useful for motion analysis, and the parvocellular
stream, which carries information useful for analyses of shape
and colour'™. Although increasing anatomical and physiological
evidence indicates some degree of convergence of the two streams,
the pathway through layer 4B of primary visual cortex (V1) and
on to higher cortical areas is usually considered to carry only
magnocellular input'=. This is inferred from anatomical descrip-
tions of local circuitry in V1, and functional studies of area MT,
which receives input from layer 4B*’. We have directly measured
the sources of local functional input to individual layer 4B
neurons by combining intracellular recording and biocytin label-
ling with laser-scanning photostimulation®*'°. We found that
most layer 4B neurons receive strong input from both magno-
cellular-stream-recipient layer 4Co. neurons and parvocellular-
stream-recipient layer 4Cp neurons. Thus higher cortical areas
that receive input either directly or indirectly from layer 4B are
likely to be more strongly influenced by the parvocellular pathway
than previously believed.
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