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tality or severe complications after pertussis
infection. In the extreme (and logistically un-
feasable) situation where 75% of the 11 and older
population are immunized at 5-yearly intervals,
incidence reduction approaches only 15%. These
results raise important questions about the epi-
demiological effectiveness and financial pru-
dence of booster programs for adolescents and
adults.

Our model ignores the myriad complexities
that have been proposed as explanations for
recent pertussis epidemiology. Critically, it ig-
nores loss of immunity. This assumption is rea-
sonable and has its basis in empirical evidence.
Equivalent parameterization of an SIRS model
that assumes temporary immunity reveals q—
the probability of infection given contact—to be
age dependent and to decay exponentially be-
yond ages 4 to 5 (fig. S5). Hence, the age-specific
Sweden data provide strong support for the
stated minimal transmission impact of repeat
asymptomatic infections (28), which has been
inferred from aggregate epidemiological data in
other countries (8, 29, 30). It remains to be seen
whether the explanatory power of our simple yet
predictive model will substantially increase with
the inclusion of additional complexities, be they
age-dependent effects (e.g., differential trans-
missibility, susceptibility, and observability) or
refinements of the contact network (e.g., house-
hold and spatial structuring).

Since the pioneering work of Fine and
Clarkson, the impact of pertussis vaccines has
been the subject of much debate (31). The focus
of contention has been whether vaccination pro-
tects against transmission or merely disease. Our

analysis strongly points to the former: The pro-
nounced drop in incidence in the infant, toddler,
and adult groups after infant immunization is
indicative of reduced pertussis circulation and
increased herd immunity (13). Our findings also
point toward a minimal transmission role for
adults, due to the strong assortativity of contacts
among the young (Fig. 2D). Hence, we con-
clude that adults are not the missing piece of the
puzzle they have been made out to be (23). Our
results suggest that contact structure is the piv-
otal element for understanding the epidemiology
of pertussis and, it is likely, other directly trans-
mitted infectious diseases.
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Essential Regulation of CNS
Angiogenesis by the Orphan G
Protein–Coupled Receptor GPR124
Frank Kuhnert,1* Michael R. Mancuso,1 Amir Shamloo,2 Hsiao-Ting Wang,1 Vir Choksi,3

Mareike Florek,4 Hua Su,5 Marcus Fruttiger,6 William L. Young,7

Sarah C. Heilshorn,8 Calvin J. Kuo1†

The orphan G protein–coupled receptor (GPCR) GPR124/tumor endothelial marker 5 is highly
expressed in central nervous system (CNS) endothelium. Here, we show that complete null or
endothelial-specific GPR124 deletion resulted in embryonic lethality from CNS-specific angiogenesis
arrest in forebrain and neural tube. Conversely, GPR124 overexpression throughout all adult vascular
beds produced CNS-specific hyperproliferative vascular malformations. In vivo, GPR124 functioned
cell-autonomously in endothelium to regulate sprouting, migration, and developmental expression of
the blood-brain barrier marker Glut1, whereas in vitro, GPR124 mediated Cdc42-dependent directional
migration to forebrain-derived, vascular endothelial growth factor–independent cues. Our results
demonstrate CNS-specific angiogenesis regulation by an endothelial receptor and illuminate functions
of the poorly understood adhesion GPCR subfamily. Further, the functional tropism of GPR124
marks this receptor as a therapeutic target for CNS-related vascular pathologies.

Organ-specific vascular beds form through
angiogenesis, followed by substantial ana-
tomic and molecular differentiation to

support various physiologic requirements (1, 2).
The central nervous system (CNS) vasculature is
highly specialized,with a blood-brain barrier (BBB),

extensive pericyte coverage, reciprocal interac-
tions with neurons and glia, and function as a
neural stem cell niche (3–5). In the developing
CNS, the perineural vascular plexus (PNVP) sur-
rounds the ventral neural tube at embryonic day
7.5 (E7.5) to E8.5. By E11.5, angiogenic endo-
thelial sprouts invade the neuroepithelium from
the pial surface to periventricular areas and branch,
generating the periventricular vascular plexus
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(PVVP) (6, 7). This angiogenic invasion has been
proposed to occur concomitantly with barrier-
genesis, the acquisition of BBB properties (8, 9).
Heretofore, endothelial receptors mediating CNS-
specific angiogenesis have not been described.

We investigated GPR124 or tumor endothe-
lial marker 5 (TEM5), which is an orphan G
protein–coupled receptor (GPCR) with a large
ectodomain belonging to the adhesion GPCR
subfamily (fig. S1A) (10). GPR124 (TEM5) was
initially identified as differentially expressed in
tumor vasculature (11, 12) and in genomic analysis
of GPCR loci (13). During mouse embryogene-
sis, GPR124 was expressed in both endothelial
cells and pericytes, most prominently in brain
and neural tube (fig. S1, B to L), and to lesser
degrees in non-CNS embryonic organs, includ-
ing the liver, heart, and kidney (fig S2). GPR124
was also expressed in embryonic epithelium of
lung and esophagus and in mesenchyme (fig.
S2). In contrast, adult GPR124 expression was

exclusively vascular in tissues examined, with
endothelial expression in CNS including the
brain and retina (fig. S3) and more widespread
pericyte expression in the brain and organs, in-
cluding the kidney, pancreas, and corpus luteum
(fig. S4).

To examine the function of this orphan recep-
tor, we generated a GPR124 lacZ knock-in null
allele, which displayed a vascular embryonic
expression pattern upon b-galactosidase staining
of heterozygous embryos at E10.5 (figs. S5 and
S6). No viable adult GPR124−/− (GPR124lacZ/lacZ)
mice were obtained (fig. S7). Beginning at E11,
GPR124−/− embryos exhibited completely pene-
trant, progressive CNS hemorrhage originating in
forebrain telencephalon and ventral neural tube
(Fig. 1, A to D, and figs. S7 and S8), with result-
ant embryonic lethality from E15.5 onward (fig.
S7). Paralleling sites of hemorrhage, GPR124−/−

embryos at E11.5 displayed selective CNS-specific
vascular patterning defects, with markedly re-

duced angiogenic sprouting into the forebrain
telencephalon and thickening of the underlying
PNVP, rendering the telencephalon virtually
avascular (Fig. 1, E to H). By E14.5, this culmi-
nated in formation of basally localized glomeruloid
malformations and resultant distally unvascu-
larized telencephalon in GPR124−/− embryos. In
contrast, wild-type mice showed efficient mi-
gration of endothelial cells to the subventricular
zone (SVZ) (Fig. 1, M to R). Similar striking an-
giogenic deficits with characteristic hemorrhag-
ic glomeruloid malformations were also seen in
GPR124−/− ventral neural tube and forebrain gan-
glionic eminences (Fig. 1, I to L). GPR124 dele-
tion did not impair angiogenic sprouting into
the embryonic diencephalon, mid- and hind-
brain, or the vascularization of nonneural tissues
(Fig. 1, E to F andM to N, and figs. S9 and S10).
Electron microscopy (EM) of GPR124−/− CNS
vascular malformations revealed numerous packed
endothelial cells with scant cytoplasm, enveloped

Fig. 1. CNS vascular patterning defects in GPR124−/− embryos. (A to D)
GPR124−/− embryos manifested progressive hemorrhage confined to forebrain
telencephalon (arrowheads) and neural tube (asterisk). (E andG)Wild-type E11.5
embryos exhibited efficient sprouting angiogenesis (arrows) from the PNVP into
the telencephalon, which was (F toH) completely ablated in GPR124−/− embryos
that exhibited PNVP thickening only. Green indicates CD31 immunofluorescence
(IF). (I to L) Large, glomeruloid vascularmalformations (arrowheads) and absence
of a vascular network were observed in E11.5 GPR124−/− forebrain ganglionic
eminences and ventral neural tube (CD31 IF). (M to R) By E14.5, GPR124−/−

telencephalon was essentially devoid of a mature capillary network, with
glomeruloid malformations abutting the pia/PNVP, whereas the diencephalon
was unaffected [(M) to (N), transverse; (O) to (P), sagittal; vascular malformations
(arrows); (Q) and (R), CD31 IF]. (S to X) Glomeruloid malformations were
irregular, multilayer endothelial aggregates versus single-layer capillaries in
controls [(S) and (T), EM 4300×], with normal peripheral PDGFRb+ pericyte
investment [(U) and (V)] but lacked ventricularly directed endothelial filopodia
(arrows) [(W) and (X), CD31 IF]. VD, ventricle diencephalons; VT, ventricle
telencephalon; blue, 4´,6´-diamidino-2-phenylindole.
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by PDGFRb+ pericytes (Fig. 1, S to V). Fur-
ther, GPR124−/− endothelium showed marked-
ly reduced-to-absent filopodial extensions that
when present extended laterally rather than
toward the ventricles as in wild type (Fig. 1, W
to X). Proliferation, apoptosis, and vascular en-
dothelial growth factor (VEGF) receptor ex-
pression were grossly unaltered in GPR124−/−

vascular malformations (fig. S11). We conclude

that GPR124 displays a pronounced functional
tropism for the CNS and is essential for devel-
opmental angiogenic sprouting into forebrain
and neural tube.

Mice in which Wnt7/b-catenin had been
knocked out (Wnt7/b-catenin knockoutmice)with
CNS angiogenesis deficits exhibit defective devel-
opmental expression of the BBB-specific glucose
transporter Glut1, suggesting that acquisition of

BBB markers may be coupled to developmental
brain angiogenesis (8, 9). Glut1 expression was
similarly absent in GPR124−/− endothelium in
forebrain upon immunofluorescence and quantita-
tive polymerase chain reaction (PCR) analysis of
purified primary forebrain GPR124−/− endothelial
cells (ECs) (Fig. 2, A to E); expression inmid- and
hindbrain was unaffected. Compensatory neuro-
epithelial Glut-1 up-regulation was present (Fig. 2,

Fig. 2. GPR124 functions cell-autonomously in
endothelium. (A to D) Expression of Glut1 is lost in
GPR124−/− CNS endothelium, with compensatory
Glut1 up-regulation in neuroepithelium (E12.5).
Glut1 is strongly down-regulated in FACS-isolated,
GPR124−/− telencephalic endothelium. (E) Quanti-
tative PCR, n = 9 determinations, E12.5. Selective
deletion of GPR124 in FACS-isolated forebrain CD31+

endothelium but not PDGFRb+ pericytes. (F) Quanti-
tative PCR, n = 6 determinations, E 12.5. (G to L)
E12.5 GPR124flox/–;PDGFB-iCre embryos exhibit fore-
brain hemorrhaging, formation of PNVP-associated
glomeruloid vascular malformations, and endothelial
Glut1 down-regulation, recapitulating the global
GPR124 deletion phenotype. Error bars are T 1 SD.

Fig. 3. CNS vascular malformations in adult (12
months old) Tie2-GPR124 transgenic animals. (A to
D) Focally increased red blood cell accumulation in
Tie2-GPR124 cerebral cortex [(A) and (B)] corre-
sponded to increased vascular density and tortuous,
enlarged vessels upon microfil vascular casting [(C)
and (D)]. (E toH) Hematoxylin and eosin staining of
a hypervascular area (arrows) in Tie2-GPR124 cortex
[(E) and (F) 100×] revealed dramatically enlarged,
engorged thin-walled vessels with intervening neu-
ral tissue reminiscent of venous angiomas [(G) and
(H) 400×]. (I toM) Tie2-GPR124 transgenics exhib-
ited increased CD31+ microvessel density and
markedly enlarged [(I), (J), and (M)] and hyperprolif-
erative vascular malformations versus wild-type
controls [(K) and (L); arrowheads denote PCNA+ cells].
Tie2-GPR124 CNS vascular malformations expressed
the venousmarker EphB4 but not the arterial receptor
Nrp1 (N and O). Error bars are T 1 SD.
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CandD), as also seen inWnt7/b-catenin knockout
mice (8, 9).

To demonstrate endothelial cell-autonomous
function of GPR124 in regulating CNS angiogene-
sis, we generated a floxed exon 1 GPR124 allele
(GPR124flox) and crossed to PDGFB-iCre mice so
as to allow endothelial CreER-mediated deletion
(14). Accordingly, E12.5 GPR124flox/–;PDGFB-
iCre embryos demonstrated selective GPR124
deletion in endothelium but not pericytes through
fluorescence-activated cell sorting (FACS) and
quantitative PCR (Fig. 2F). GPR124flox/–;PDGFB-
iCre mice fully recapitulated the GPR124 null
phenotype with forebrain hemorrhage, CNS an-
giogenic arrest, basally localized glomeruloid
malformations, and loss of endothelial Glut1 ex-
pression (Fig. 2, G to L). Identical results were
obtained with an independent vascular deletion

strategy in GPR124flox/–;Tie2-Cremice (fig. S12).
These results indicate that GPR124 functions cell-
autonomously in CNS endothelium, with Glut1 as
a developmentally regulated downstream locus.

To analyze gain-of-function phenotypic out-
comes, we generated transgenic mice overex-
pressing GPR124 cDNA from the Tie2 promoter/
long-enhancer active in embryonic and adult endo-
thelium (15). Tie2-GPR124 transgenic mice were
viable and fertile. The mutant mice exhibited en-
hancedbrain vascularGPR124 immunofluorescence
versus nontransgenic littermates and displayed ec-
topic GPR124 expression throughout the micro-
vasculature of adult organs that do not normally
express GPR124, such as the heart and liver (fig.
S13). Despite widespread GPR124 overexpres-
sion,Tie2-GPR124 animals displayed a progressive
brain-specific vascular phenotype characterized

by enlarging oligo-focal areas of hypervascular-
ity that were predominantly cortical (>90%, with
~10% in the cerebellum) and presented with ~70%
penetrance by 12 months of age, paralleling the
forebrain telencephalon distribution of GPR124−/−

malformations (Fig. 3, A to H and M); non-CNS
organs were unaffected (fig. S14). These lesions
consisted of tangled, thin-walled, CD31-positive,
grossly dilated hyperproliferative capillaries with
associated PDGFRb+ pericytes (Fig. 3, I to L, and
fig. S15). The vascular malformations exhibited
intervening neural tissue reminiscent of venous
angiomas and expressed the venous marker
EphB4 but not the arterial marker Nrp1 (Fig. 3,
N and O). Calcifications were frequently associ-
ated (fig. S15E), and transgenic mice occasionally
exhibitedneurologic symptoms, suchas ataxia.Thus,
both the Tie2-GPR124–overexpressing mice and

Fig. 4. GPR124 regulates CNS endothelial migration and sprout formation in
vitro. Motility of the GPR124-expressing brain endothelial line bEND3 was
monitored with real-time video microscopy in a microfluidic migration chamber,
allowing extremely stable, shear-minimized linear chemoattractant gradients.
(A to C) GPR124-overexpressing bEND3 cells (GPR124+) exhibited directed
migration toward gradients of conditioned medium (CM) from cultured E12.5
forebrain cortical cells but migrated randomly to equivalent hindbrain or
HEK293T CM [tracks of individual cells (left) and angular histograms (right)
are shown]. (D to F) No directedmigration was observed with even distribution
of forebrain CM across the microfluidic chamber (no gradient), or GPR124
shRNA; (G) migration was further insensitive to a recombinant soluble VEGFR1

ectodomain (400 ng/ml), indicating VEGF-independence. (H) Box plot of chemo-
tactic indices of bEND3 migration (center line, median; boxes, upper and lower
quartiles, *P < 0.001). (I to L) In a sprout formation assay, GPR124+ bEND3
displayed collective cell migration and robust formation of stable sprouts toward
forebrain CM gradients, but not to hindbrain CM nor upon GPR124 shRNA
knockdown. (M and N) Dominant-negative Cdc42N17 inhibited sprout direc-
tionality but not elongation (*P < 0.05; ‡ indicates not significant). GPR124+

sprouts toward forebrain CM–contained stable, contiguous lumens, whereas rare
GPR124 shRNA sprouts were unstable and failed to lumenize. (O and P) Confocal
microscopy. F, forebrain CM; H, hindbrain CM. Error bars are T 1 SE. *P< 0.05;
n = 3 to 5 chambers per condition.
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GPR124−/− embryos displayed angiogenic phe-
notypes highly restricted to the CNS vasculature.

The angiogenic defects in GPR124−/− fore-
brain but not mid- or hindbrain suggested that
GPR124 could mediate endothelial migration
toward forebrain-enriched regional guidance
cues within the embryonic CNS. The GPR124-
expressing brain endothelial cell line bEND3
was used in a microfluidic migration chamber, al-
lowing extremely stable, shear-minimized linear
chemoattractant gradients and real-time video
microscopy of cellular motility (fig. S16A) (16).
GPR124-overexpressing bEND3 cells (GPR124+)
(fig. S16B) exhibited directed migration in micro-
fluidic chambers toward gradients of conditioned
medium from cultured E12.5 forebrain cortical
cells (F) but migrated randomly when presented
with equivalent hindbrain preparations (H) or
with human embryonic kidney (HEK) 293T–
conditioned medium (chemotactic indices of
0.44, 0.08, and 0.02, respectively) (Fig. 4, A to C
and H, and fig. S17). Further, directed migration
was not observed when forebrain-conditioned me-
dium was evenly distributed across the microflu-
idic chamber (no gradient), or upon GPR124−

short hairpin RNA (shRNA) knockdown (Fig. 4,
D to F and H, and fig. S17). GPR124+ bEND3 mi-
gration to the forebrainCMgradientwas insensitive
to a recombinant soluble VEGFR1 ectodomain,
which is consistent with VEGF-independence.
(Fig. 4, G and H, and fig. S17).

We also used a second microfluidic assay in
which bEND3 cells sprouted through microcapil-
laries into an acellular chamber that contained a
transverse gradient of chemoattractant (fig. S18).
This revealed multicellular endothelial sprout
elongation and directional migration toward
forebrain- but not hindbrain-conditionedmedium
gradients that was ablated with GPR124 shRNA
(Fig. 4, I to N). Cdc42 was required for GPR124-
dependent directional migration but not sprout
elongation, as revealed by a dominant-negative
Cdc42 allele (Cdc42N17) (Fig. 4,M toN).GPR124+

sprouts to forebrain-conditioned medium demon-
strated contiguous lumen formation upon three-
dimensional confocal reconstruction, which was
not observedwith GPR124 shRNA (Fig. 4, O and
P), paralleling lumen enlargement in Tie2-GPR124
transgenics (Fig. 3, H and J). Thus, GPR124 me-
diates cell-autonomous and VEGF-independent
regulation of endothelial migration in response to
factor (or factors) secreted from embryonic fore-
brain neuroepithelium.

Our studies demonstrate that GPR124 (TEM5)
is a previously unknown proangiogenic, endo-
thelial receptor with pronounced functional tro-
pism for theCNSvasculature in both loss-of-function
and gain-of-function settings. Although GPR124
was initially described as up-regulated in neo-
plastic (versus resting) endothelium (11, 12), our
work establishes its function in normal tissues as
a previously unsuspected and essential regulator
of CNS angiogenesis, via an endothelial cell-
autonomous pathway regulating Cdc42-dependent
angiogenic migration and sprouting. Despite the

atretic andmisoriented filopodia in GPR124 knock-
out vasculature, GPR124-deficient endothelium
can incorporate into “tip cell” positions uponmosaic
analysis (fig. S19).

Because GPR124 is expressed at all levels of
the CNS vasculature, the forebrain- and ventral
neural tube–specific angiogenic deficits suggest a
corresponding embryonic spatial restriction of
either GPR124 ligand or signaling. Further, the
GPR124 phenotype indicates substantial regional
heterogeneity in embryonic CNS requirements
for angiogenic signals, which could operate in the
context of telencephalic angiogenic gradients, as
have been proposed (17). The spatial restriction
of GPR124−/− angiogenesis deficits is strongly
paralleled by a VEGF-independent activity me-
diating GPR124- and Cdc42-dependent migra-
tion to forebrain- but not hindbrain-conditioned
medium. In principle, this activity could represent
ligand or render competence to respond to ligand.
However, this by no means excludes GPR124
interactions with nonsoluble factors such as extra-
cellular matrix (18) or transmembrane proteins, or
distinct mechanisms for nonangiogenic receptor
functions. The progressive nature of Tie2-GPR124
vascular malformations indicates a continued sen-
sitivity of brain endothelium to GPR124 during
adulthood, with the adult temporal window pos-
sibly reflecting either moderate gain-of-function
with receptor overexpression or differential sen-
sitivity to receptor in adulthood.

Wnt/b-catenin (8, 9), VEGF/Nrp1 (19, 20),
integrins av and b8 (21–23), and Id1/Id3 (24)
mutations impair CNS angiogenesis, often with
knockout glomeruloid malformations that re-
semble the GPR124 phenotype (25). Regional
regulation of angiogenesis has been reported in
CXCL12/CXCR4 mutants although not in the
CNS (26, 27). However, as opposed to GPR124,
none of these loci encode endothelial receptors
with CNS functional tropism, and instead man-
ifest vascular deficits globally or in subsets of non-
CNS organs (28–30). Despite marked phenotypic
overlap, GPR124 does not appear to exhibit
epistasis with b-catenin (fig. S20), and we cannot
exclude GPR124 function in a parallel pathway,
coupling embryonic CNS angiogenesis to devel-
opmentalGlut1 expression. Similar epistasis studies
with Id1 and integrin b8 have also been negative
(fig. S20).

The CNS enrichment of endothelial GPR124
expression, as well as the GPR124 gain- and loss-
of-function angiogenesis phenotypes, suggest the
potential relevance of this receptor to various
CNS-related vascular pathologies, including stroke
and malignancy. Certainly, the determination of
potential causal relations between GPR124 and
CNS vascular malformations or germinal matrix
hemorrhage (31) in human and mouse should be
worthwhile. The current analyses also provide
insight into the poorly understood functions of
the adhesion receptor class of GPCRs (13) and
show how control of angiogenesis can bemanaged
in different ways by specific organ systems, in this
case with insight into angiogenesis in the CNS

and development of the BBB. Similar signaling
pathways may be deployed among vascular beds
specific to other organ systems.
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