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ABSTRACT: Infants with glutaric aciduria type 1 (GA1) are subject
to intracranial vascular dysfunction. Here, we demonstrate that the
disease-specific metabolite 3-hydroxyglutaric acid (3-OH-GA) inhib-
its basal and vascular endothelial growth factor (VEGF)-induced
endothelial cell migration. 3-OH-GA affects the morphology of
VEGF-induced endothelial tubes in vitro because of partial disinte-
gration of endothelial cells. These effects correlate with VE-cadherin
loss. Remarkably, 3-OH-GA treatment of human dermal microvas-
cular endothelial cells leads to disruption of actin cytoskeleton. Local
application of 3-OH-GA alone or in combination with VEGF in chick
chorioallantoic membrane induces abnormal vascular dilatation and
hemorrhage in vivo. The study demonstrates that 3-OH-GA reduces
endothelial chemotaxis and disturbs structural vascular integrity in
vitro and in vivo. These data may provide insight in the mechanisms
of 3-OH-GA–induced vasculopathic processes and suggest N-
methyl-D-aspartate receptor-dependent and -independent pathways in
the pathogenesis of GA1. (Pediatr Res 59: 196–202, 2006)

GA1 is a neurometabolic disorder caused by deficiency of
the mitochondrial enzyme glutaryl-CoA dehydrogenase

(GCDH, EC 1.3.99.7) and affects the catabolism of L-lysine,
hydroxy-lysine, and L-tryptophan, leading to accumulation of
GA, 3-OH-GA, and glutaconic acids in body fluids of affected
patients. Distinct clinical manifestations typically occur in the
first 18 mo of life, when a nonspecific infectious illness or
routine vaccination precipitates acute stroke-like striatal de-
generation resulting in dystonic-dyskinetic movement disor-
der (1,2). A great variability in clinical presentations has been
observed without clear genotype-phenotype correlation (3,4).

The pathomechanisms in GA1 leading to neuronal death are
still not understood and are presumably multifactorial. Due to
structural relation of 3-OH-GA with glutamate, it has been
proposed that 3-OH-GA may act via interaction with NMDA
receptors, resulting in excitotoxic neuronal damage (5–7).

Up to 30% of GA1 patients develop subdural hematomas
that generally are thought to be consequence of ruptures of
stretched veins due to frontotemporal hypoplasia (5,8).

Whereas no morphologic changes in vasculature of brain
autopsy material of six North American aboriginals with GA1
aged 8 mo to 40 y have been observed (9), MRI examinations
of GA1 patients show chronic extravasations from transarach-
noid vessels independent of an encephalopathic crisis, as well
as abnormally extended intrastriatal vessels with perivascular
hyperintensities observed during an encephalopathic crisis,
imposing as local vasogenic rather than cytotoxic edema (K.
Strauss, personal communication). To investigate mechanisms
influencing endothelial function, the effects of 3-OH-GA were
studied on HDMEC in vitro and on chick CAM in vivo.

METHODS

Materials. VEGF165 was purchased from R & D Systems (Minneapolis,
MN). The following antibodies were used: monoclonal anti-vimentin
(DAKO, Copenhagen, Denmark), polyclonal anti-VE-cadherin, anti-occludin,
anti-VEGF, anti-VEGFR-1 and -2 (SantaCruz Biotechnology, Santa Cruz,
CA); secondary biotin (immunohistochemistry) and horseradish peroxidase
(HRP) (Western blotting)–conjugated antibodies (Jackson Immunoresearch,
West Grove, PA), TRITC-conjugated phalloidin (Dianova, Hamburg, Ger-
many). GA, �-ketoglutaric, and D2-hydroxyglutaric acids were purchased
from Sigma Chemical Co. (St. Louis, MO). 3-OH-GA was synthesized from
dimethyl-�-ketoglutarate (Sigma Chemical Co.) by NaBH4 reduction fol-
lowed by ester-cleavage by KOH.

Endothelial cell culture and treatment. HDMEC (PromoCell, Heidelberg,
Germany) were cultured as described previously (10). At confluency, cells
were either incubated in presence or absence of effectors for 24 h at 37°C.

Endothelial cell migration assay. Endothelial cell migration assay was
carried out as described previously (10).

Endothelial tube formation assay. Endothelial tube formation assay was
performed as described previously (10,11).

SDS-PAGE and Western blots Extracted proteins (25 �g) were separated
by SDS-PAGE, blotted and incubated using anti-VE-cadherin antibody (final
dilution: 1:100) and HRP-conjugated anti-rabbit IgG (1:10,000), or anti-
vimentin antibody (final dilution: 1:400) and visualized by ECL (Pierce
Biotechnology, Inc., Rockford, IL).

Immunohistochemistry. Paraffin sections from collagen gels of tube for-
mation assays were used for immunohistochemistry as described previously
(10,12). Immunostaining was performed using anti-VEGF (1:400),
-VEGFR-1 (1:200), -VEGFR-2 (1:200), -occludin (1:80), and -VE-cadherin
(1:50) antibodies, biotin-conjugated secondary antibodies, ABC-complex
(DAKO), and the Ni-enhanced glucose oxidase detection system (13). As
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controls, primary and/or secondary antibodies were replaced by buffer, or
sections were incubated with normal rabbit serum (Sigma Chemical Co.)
instead of primary antibody.

Fluorescence staining of actin cytoskeleton. HDMEC were cultivated in
eight-well chamber slides until subconfluency and incubated with 3-OH-GA
at indicated concentrations for 24 h. After washing, cells were fixed for 20
min with 4% paraformaldehyde, washed again, and incubated for 60 min with
TRITC-conjugated phalloidin (1:100). Subsequently, cells were washed twice
and processed for digital fluorescence microscopy (Zeiss, Jena, Germany).

Chick CAM assay. CAM assay was carried out as described previously
(10,14).

RT-PCR analysis. Five hundred nanograms total RNA, prepared from
HDMEC and tissue samples as described previously (15), were used as
template for RT-PCR analyses, using GeneAmp RNA PCR kit (PerkinElmer
Life Science, Boston, MA) according to the manufacturer’s instructions.

Data analysis. Data were analyzed using one-way ANOVA followed by
Scheffé test. Significance was accepted at p � 0.05. SPSS 12.0 software
(SPSS Inc., Chicago, IL) was used for calculations.

RESULTS

3-OH-GA inhibits endothelial migration. To examine di-
rect effects of 3-OH-GA on endothelial cells, migration of
HDMEC was studied using a modified Boyden chamber (Fig.
1A). Treatment of cells with 2, 4, and 6 mM 3-OH-GA
decreased the number of migrated HDMEC to 83%, 78%, and
58% of controls, respectively. VEGF (50 ng/mL), used as
positive control for chemotactic migration, increased the num-
ber of migrating HDMEC about 2-fold. Simultaneous incuba-
tion of HDMEC with VEGF and 2, 4, and 6 mM 3-OH-GA led
to a concentration-dependent significant reduction in the num-
ber of migrated cells to 78%, 74%, and 63% of controls,
respectively. To determine the specificity of 3-OH-GA, mi-
gration assays were performed in the presence of 6 mM GA,
D2-OH-GA, and �-KGA (Fig. 1B). Only 3-OH-GA leads to a
significant reduction of the number of migrated cells, whereas
GA and D2-OH-GA did not impair the cell migration rate. Of
note, in the presence of �-KGA the number of migrated cells
was significantly increased.
3-OH-GA affects the integrity of endothelial tubes in vitro.

To determine whether 3-OH-GA affects the vascular morpho-
genesis, endothelial tube formation assays were performed.
First, the tube formation was observed by phase contrast
microscopy. Like the negative control (Fig. 2A), where colla-
gen gels containing HDMEC were exposed to medium only,
the treatment of gels with 1 (not shown), 2 (Fig. 2B), 4 (Fig.
2C), and 6 mM (not shown) 3-OH-GA did not induce any tube
formation. VEGF (50 ng/mL) used as positive control induced
an extensive capillary-like tube formation and network of
tubes within 3–6 d (Fig. 2D, tubes marked by arrow heads).
Simultaneous application of VEGF (50 ng/mL) and 3-OH-GA
at 2 (Fig. 2E), 4 (Fig. 2F), and 6 mM (not shown) did not
block formation of endothelial tubes but changed their mor-
phologic appearance visible on the punctual interruption of
tubes (marked by arrows) or tube network. Second, light
microscopic evaluation of HE-stained paraffin sections ob-
tained from gels shown in Figure 2, A–F, revealed that as the
negative control (Fig. 2G), endothelial cells exposed to
3-OH-GA alone at 2 (Fig. 2H) and 4 mM (Fig. 2I) remained
on top of the gel and did not form tubes. Whereas in VEGF-
induced tubes endothelial cells were flattened and adherent

(Fig. 2J), the combined application of VEGF and 3-OH-GA at
concentrations mentioned above led to roundly shaped and
less adherent endothelial cells on top of the collagen gel (Fig.
2K) as well as within tubes (Fig. 2L) implicating an endothe-
lial disorganization during capillary-like tube formation in
vitro.
3-OH-GA induces vascular dilatation and hemorrhage in

CAM assay. CAM assays were performed to study the role of
3-OH-GA on vascular morphogenesis in vivo. Compared with
control (Fig. 3A), VEGF induced angiogenesis visible on the
higher vascular density in the area of VEGF application (Fig.
3B). In contrast, treatment with 3-OH-GA alone at concentra-
tions used in migration and tube formation assays did not lead
to a higher vascularization but to abnormal dilatation of blood

Figure 1. 3-OH-GA inhibits endothelial chemotaxis. (A) 3-OH-GA reduces
the basal as well as VEGF-induced migration of HDMEC in a dose-dependent
manner. The number of HDMEC migrating in the absence of effectors is
indicated as control. Each bar represents the mean � SD of four independent
experiments carried out in triplicates. *p � 0.05, **p � 0.01 vs the respective
control. (B) In direct comparison with 3-OH-GA at its most effective con-
centration, 6 mM GA and D2-OH-GA show no significant effects on cell
migration whereas �-KGA increased the number of migrated cells. VEGF (50
ng/mL) was used as positive control. Each bar represents the mean � SD of
three experiments. *p � 0.05, **p � 0.01 vs control.
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vessels and to nonsharp vessel contours, implicating ex-
travasation and hemorrhage, as shown for 4 mM 3-OH-GA
(Fig. 3C). The vascular dilatation was enormous in areas of
CAM blood vessels when 3-OH-GA was applied in com-
bination with VEGF as shown for different 3-OH-GA con-
centrations (Fig. 3, D–F). Note that vessel contours were
less sharp and hemorrhage was stronger than under
3-OH-GA alone. These findings were confirmed by light
microscopic evaluation. Whereas blood vessels of CAM
tissues treated with buffer exhibited a normal diameter
(Fig. 3G), those treated with 3-OH-GA alone (Fig. 3H) or
3-OH-GA plus VEGF simultaneously (Fig. 3, I–K) were
dilated dramatically and filled with blood cells completely.
In some areas, an extensive extravasation of blood cells was
observed (Fig. 3L).

3-OH-GA decreases the amount of VE-cadherin. To elu-
cidate the mechanisms of 3-OH-GA action on vascular
morphogenesis and integrity, we studied the expression of
different factors and cell adhesion molecules such as VEGF
and VEGF receptors, VE-cadherin, and occludin by immu-
nostaining. No changes were observed for VEGF, VEGF
receptor 1 and 2, and occludin (data not shown). In contrast
to HDMEC treated with medium (Fig. 4A) or VEGF alone
(Fig. 4B), VE-cadherin immunostaining was reduced when
3-OH-GA was applied alone (Fig. 4, C and E) or in
combination with VEGF (Fig. 4, D and F). Particularly, the
accumulation at the contact zone between cells involved in
endothelial tubes was decreased by 3-OH-GA. In a second
approach, HDMEC growing in monolayer were incubated
with 3-OH-GA alone (2 and 4 mM) and in combination
with VEGF. Protein extracts of HDMEC were analyzed by
Western blotting. These studies revealed that, regardless of
the presence of VEGF, 3-OH-GA led to a significant re-
duction of the 120 kD-VE-cadherin band (Fig. 4G). A
second band at 90 kD was detected, representing a degra-
dation product of VE-cadherin (Fig. 4G).

Figure 2. 3-OH-GA changes the morphology of VEGF-induced endothelial
tubes. A–F: Phase contrast microscopy; G–L: light microscopic images of
paraffin sections. Neither treatment of HDMEC with medium (A) nor 3-OH-
GA-treatment at concentrations 2 (B) and 4 mM (C) alone induce endothelial
tube formation, whereas VEGF (50 ng/mL) used as positive control (D) leads
to formation of endothelial tubes with an extensive network (arrow heads).
Simultaneous application of VEGF and 3-OH-GA at concentrations 2 (E) and
4 mM (F) does not alter the number of endothelial tubes but reduces the length
and the network of endothelial tubes (arrow heads). The tubes are interrupted
at several sites visible on the roundly shaped endothelial cells (arrows). Light
microscopic evaluation of paraffin sections of HDMEC treated as demon-
strated in A–F reveals that, in contrast to the negative control (G), 3-OH-GA-
treated HDMEC (H, 2 mM, and I, 4 mM) are roundly shaped and in some
areas less adherent to the underlying collagen gel (arrows). While HDMEC
involved in endothelial tubes under VEGF treatment (J) are flattened as
expected, those treated simultaneously with VEGF plus 2 (K) or 4 mM (L)
3-OH-GA are roundly shaped (arrows) on top of the collagen gel (not
involved in tube formation) (K) as well as in several areas of VEGF-induced
endothelial tubes (L), indicating a disintegration of endothelial cells during
capillary morphogenesis.

Figure 3. 3-OH-GA leads to vascular dilatation and hemorrhage in CAM
assay. In comparison to buffer control (A), VEGF-treatment leads to a
considerable angiogenesis of CAM-tissue (B). 3-OH-GA-treatment alone (4
mM) results in vascular dilatation and decreased sharpness of vascular
contours (C), presumably due to increased extravasation. Dramatic vascular
dilatation and hemorrhage are observed when VEGF plus 2 (D), 4 (E), and 6
mM (F) 3-OH-GA are applied simultaneously. Light microscopic evaluation
of semi-thin sectioned CAM tissues shows blood vessels (arrows) with
normal diameter in buffer-treated areas (G). In contrast, vascular dilatation
accompanied by stasis (blood vessel encircled by doted line) is visible after
treatment with 4 mM 3-OH-GA (H). In comparison to treatment with
3-OH-GA alone, diameter of CAM blood vessels is increased further when
VEGF is applied with 2 (I), 4 (J), and 6 mM (K) 3-OH-GA. Additionally, the
presence of 3-OH-GA leads to considerable extravasation of blood cells into
CAM tissue as shown for VEGF plus 2 mM 3-OH-GA (L). Magnification
(G–L) �350.
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3-OH-GA induces disassembly of actin cytoskeleton in
HDMEC. The effects of 3-OH-GA on endothelial migration
and tube formation above allow one to assume that 3-OH-GA
may affect the actin cytoskeleton of HDMEC. TRITC-
phalloidin fluorescence staining of HDMEC revealed disas-
sembly of actin cytoskeleton by application of 3-OH-GA (Fig.
5, B–D). In comparison to untreated HDMEC (Fig. 5A),
punctual disorganization of actin cytoskeleton was already
observed at 2 mM 3-OH-GA (Fig. 5B). Higher concentrations
of 3-OH-GA (4 and 6 mM) resulted in extensive (Fig. 5C)
until complete (Fig. 5D) disruption of actin stress fibers,
respectively.
3-OH-GA action on vascular endothelial cells is not me-

diated via NMDA receptors. It has been proposed that cellular
effects of 3-OH-GA on neuronal cells were mediated by

NMDA receptors. Analysis of mRNA expression of the con-
stitutive NMDA receptor subunit 1 (NR1) by RT-PCR re-
vealed that NR1 is expressed neither in treated nor in un-
treated HDMEC (not shown). These data suggest that in
HDMEC the direct effects of 3-OH-GA are not mediated by
NMDA receptors.

DISCUSSION

The present data show for the first time that 3-OH-GA
affects structural integrity of blood vessels via disorgani-
zation of endothelial cells. These findings may explain
vascular abnormalities such as hemorrhage and extravasa-
tion observed in subdural hematoma and acute retinal
hemorrhage in patients with GA1 (2,16). We demonstrate
here that 3-OH-GA, the disease-specific metabolite in GA1,
impairs functional properties of HDMEC such as migration
and morphogenesis of capillary-like tube formation in vitro
in an NMDA receptor-independent manner, and induces
abnormal dilatation of blood vessels accompanied by hem-
orrhage in vivo. Furthermore, 3-OH-GA treatment of
HDMEC leads to disruption of actin cytoskeleton and
reduces the amount of VE-cadherin in culture and during
capillary-like tube formation in vitro.

The formation, patterning, and remodelling of the vascular
system in basal and pathologic conditions are regulated by
extracellular signals (17,18). These signals must be integrated
by endothelial cells to control the formation of endothelial

Figure 4. 3-OH-GA reduces expression of VE-cadherin protein. VE-cadherin
immunostaining was carried out on paraffin sections of in vitro-induced
endothelial tubes as shown in Figure 2. VE-cadherin staining was observed in
HDMEC incubated with medium (A, localized on the top of the gel) and in
cells involved in the VEGF-induced tube formation (B). Note the particular
accumulation of VE-cadherin at contact zones between HDMEC (arrows). In
contrast, VE-cadherin immunostaining is reduced when HDMEC were treated
with 3-OH-GA alone (C, 2 mM, and E, 4 mM) or simultaneously with VEGF
plus 2 (D) or 4 mM (F) 3-OH-GA. Magnification (A–F) �350. VE-cadherin
Western blot analysis (G) using extracts of monolayer-cultured HDMEC
treated with VEGF and 3-OH-GA as indicated. Vimentin detection was used
as loading control.

Figure 5. 3-OH-GA disrupts actin stress fibers in HDMEC. TRITC-
phalloidin fluorescence staining of HDMEC demonstrates that 3-OH-GA
treatment induces damage until complete disruption of actin cytoskeleton in a
concentration-dependent manner. In contrast to organization of actin stress
fibers in untreated HDMEC (A), 2 mM 3-OH-GA leads to punctual damage of
actin fibers (B) visible on high number of red stained bulks (arrow heads),
which are dominant in HDMEC treated with 4 mM 3-OH-GA (C). Finally,
actin cytoskeleton is completely disrupted in the presence of 6 mM 3-OH-GA
(D). Magnification: �450.
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tubes as the first step of vascular morphogenesis. In this study,
three experimental approaches were used to investigate direct
effects of 3-OH-GA and underlying mechanisms on HDMEC.
In the first in vitro model, 3-OH-GA inhibited both the basal
as well as VEGF-induced migration of HDMEC in a concen-
tration-dependent manner. The effect was specific for
3-OH-GA as GA, D2-OH-GA acid or �-KGA rather increased
than reduced the migration of endothelial cells. These data
demonstrate a direct effect of 3-OH-GA on human primary
vascular endothelial cells and implicate an inhibitory action of
3-OH-GA on a basic step of angiogenesis. However, these
findings do not allow any further explanation on the physio-
logic significance regarding vessel morphology because this
approach examines the chemotactic migration of isolated
cells. The second in vitro assay provided evidence that
3-OH-GA disturbs the structural integrity of VEGF-induced
endothelial tubes. Considering the fact that 3-OH-GA leads to
a detachment of endothelial cells during VEGF-induced mor-
phogenesis of capillary-like tubes in vitro, it seems to be
paradox that 3-OH-GA also inhibits endothelial chemotaxis.
However, our present data indicate that 3-OH-GA interferes at
least with two distinct properties of endothelial cells: their
motility and the interendothelial contacts as demonstrated by
the increased degradation of VE-cadherin. Since 3-OH-GA
disturbed also in vivo the integrity of both small and large
blood vessels in CAM assay, it can be assumed that 3-OH-GA
may affect basically the morphogenesis and maintenance of
large and small blood vessels. In another model for brain
injury in GA1, the intoxication with 3-nitropropionic acid (5),
a dysfunction of the blood-brain-barrier endothelium has
also been detected (19). Moreover, a loss of human cerebral
endothelium barrier integrity has been observed in glutamate
toxicity (20). Several studies have reported that actin-
polymerization and the maintenance of microtubule dynamics
are required for cell motility (21). Indeed, our findings show
that 3-OH-GA interferes with the actin cytoskeleton, which
may explain the effects of 3-OH-GA on endothelial cell
motility.

The cell-cell adhesion molecules involved in the establish-
ment of interendothelial junctions play a critical role for the
formation and maintenance of blood vessels (22). Our study
provides evidence that 3-OH-GA affects the expression of one
of these proteins, VE-cadherin, in tube-formation experiments
and in HDMEC grown in monolayer. VE-cadherin is the major
cell-cell adhesion molecule at endothelial adherens junction
(23). Its cytoplasmic domains contains binding sites for cate-
nin p120 and plakoglobulin, linking VE-cadherin to the actin
and vimentin cytoskeleton network (24). The loss of VE-
cadherin and plakoglobulin results in abnormal assembly of
endothelial cells into vascular structures during development,
and disruption of endothelial cell-cell contacts, thus affecting
barrier function (25,26). Because in 3-OH-GA–treated
HDMEC we found no decrease of VE-Cadherin mRNA ex-
pression, it is likely that 3-OH-GA induces the degradation of
VE-cadherin. Recent studies showed that VE-cadherin inter-
nalization followed by lysosomal/proteosomal degradation is
an important regulatory mechanism controlling VE-cadherin
cell surface expression (27). It remains to be examined

whether lysosomal/proteosomal inhibitors could prevent
3-OH-GA–induced reduction in VE-cadherin levels and stabi-
lize capillary-like tubes.

Concentrations of 3-OH-GA required to affect endothelial
cell properties are higher than those found in vivo. In circu-
lation GA and 3-OH-GA have been detected at concentrations
of 50 �M and 30 �M, respectively (1). However, in most
studies examining in vitro effects of 3-OH-GA, e.g. on cell
viability, growth factors, and reactive oxygen species,
3-OH-GA concentrations of 1–50 mM have been used for
24–72 h (28–32). In brain biopsy material of a GA1 patient,
concentrations of GA and 3-OH-GA of 5 and 0.2 mM, respec-
tively, have been reported (33). Especially a considerable rise
of GA and 3-OH-GA during encephalopathic crises cannot be
excluded, and so far there are no reports available concerning
in vivo metabolite measurements during an encephalopathic
crisis, instead of artifactual post mortem examinations. In
brains of GCDH-deficient mice, GA and 3-OH-GA concen-
trations of 2 and 0.1 mM have been measured, respectively
(34). Steady state concentrations of 3-OH-GA in the brain
extracellular space, their regional differences as well as local
changes during encephalopathic crises are unknown. Thus, a
direct comparison between effective 3-OH-GA concentrations
in patients and in in vitro cell models is difficult. Furthermore,
it is considerable that the effects of 3-OH-GA on endothelial
cells in concentrations of 4 mM as demonstrated here may
also be observable when 3-OH-GA would be applied in lower
concentrations but for a longer time period than we did here.
Finally, it has been reported that human cerebral endothelial
cells express NMDA receptors (20) and it is possible that
cerebral endothelial cells response to lower concentrations of
3-OH-GA than HDMEC. Therefore, time course studies are
needed to determine effects of 3-OH-GA on brain endothelial
structures more precisely.

Taken together, the present data demonstrate that
3-OH-GA acts directly on vascular endothelial cells inde-
pendently of NMDA receptors and affects the expression of
VE-cadherin at the protein level. In vitro and in vivo studies
show that 3-OH-GA leads to alterations of large and small
blood vessels by endothelial disintegration leading to hem-
orrhage. These results may provide new insights into the
pathophysiology of GA1 suggesting both NMDA receptor-
dependent and -independent effects of 3-OH-GA on neuro-
nal maintenance and vascular integrity (Fig. 6). The latter
may explain the occurrence of vasogenic edema in GA1
patients or the formation of chronic subdural hemorrhages.
At present, it is unclear whether the effects on vascular
integrity are due to 3-OH-GA produced by brain cells, or
plasma derived metabolites, or both. The used experimental
approaches lack both the complexity of intracerebral cel-
lular interactions and the developmental dynamics of the
vascular system allowing only speculations on the selective
damage of striatal blood vessels in GA1 patients. The
susceptibility of these vessels to 3-OH-GA may be related
to their developmental stage or the NMDA receptor expres-
sion level and might be affected by other brain cell– derived
factors. Human striatal vessel development considerably
differs from developing vasculature of other telencephalic
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regions (35). This might explain region-specific vulnerabil-
ity to 3-OH-GA in GA1. Subsequently, the intracranial
hemodynamics as well as the local intrastriatal concentra-
tion of 3-OH-GA may be altered, further increasing the
propensity for striatal injury. Like synaptogenesis and my-
elination, telencephalic angiogenesis is a dynamic process
during the first 2 y of life, and coincides with the major
window of neurologic vulnerability in children with GA1.
Disturbed vascular biology during this time period may
contribute to several hallmark features of the disease, in-
cluding subdural and retinal hemorrhage, structural changes
of the vascular wall and the peri-vascular spaces, and
stroke-like putaminal necrosis.
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