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Introduction
Premature birth is a major risk factor for a number of CNS pathol-
ogies that, with the sharp increase in survival of infants with a very 
low birth weight (VLBW, ≤ 1500 g), pose an ever-increasing medi-
cal burden. Of particular significance are the blindness-causing 
disease retinopathy of prematurity (ROP) and periventricular leu-
komalacia (PVL). The latter is an encephalopathy of prematurity 
developing in up to 50% of VLBW infants and associated with 
cognitive and behavioral deficits in 25% to 50% of cases and with 
major motor deficits (e.g., cerebral palsy) in 5% to 10% of cases 
(for a recent review on PVL, see ref. 1 and references therein).

Common to both diseases is a precipitous drop in disease 
incidence at late gestational ages and full refractoriness at term. 
It is generally believed that this temporal pattern reflects a gesta-
tional age–restricted vulnerability window to some insult, possibly 
an iatrogenic insult associated with management of the imma-
ture infant. In the case of ROP, it was indeed shown that ventila-
tion therapy (i.e., exposure to hyperoxia) leads to obliteration of 
retinal vessels and a resultant retinal hypoxia, triggering, in turn, 
an excessive angiogenic response and culminating in preretinal 
growth of leaky vessels, a process faithfully reproduced in the 
widely used oxygen-induced retinopathy (OIR) mouse model (2). 

Further mechanistic insights on ROP pathogenesis were obtained 
using the OIR model and showing that placing newborn mouse 
pups in a hyperoxic incubator suppresses production of the oxy-
gen-regulated factor VEGF beyond the critical level required to 
sustain immature retinal vessels (and newly formed, immature 
vessels only) and, consequently, induces their selective oblit-
eration and development of an ROP-like pathology. Importantly, 
mice turned fully refractory to this insult upon maturation of reti-
nal vessels at later stages, thus implicating vessel maturation as 
the critical event marking a closure of the vulnerability window 
(3). These findings raise the question of whether a similar patho-
genic mechanism may also apply to diseases affecting the brain of 
VLBW immature infants, such as PVL.

PVL is a distinctive form of cerebral white-matter injury char-
acterized by either focal or diffuse necrotic lesions preferentially 
distributed near the lateral ventricles and by complex sequelae of 
destructive and developmental disturbances in a constellation gen-
erally described as encephalopathy of prematurity (4). The under-
lying cause of PVL, particularly what triggers its upstream event of 
periventricular neuronal death, is not well understood. One proposed 
mechanism links PVL to an inflammatory response to intrauterine 
infection (5–7), while another proposed mechanism for PVL patho-
genesis ascribes neuronal damage to local cerebral ischemia and 
reduced perfusion of the germinal matrix (GM), a region nourished 
by a dense network of blood vessels and rich in proliferating neural 
and glial progenitors (4, 8, 9). Yet neither of these proposed etiologies 
provides a satisfactory explanation for the 2 major questions regard-
ing PVL, namely, why initial neuronal damage is confined to the 
periventricular region and why premature infants who have passed 
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have provided us with a rationale for examining whether VEGF loss 
of function (LOF), as anticipated under circumstances of oxygen 
imbalance, might play a role in PVL pathogenesis.

Here, we show that even a short episode of VEGF blockade, pro-
vided that it takes place during the vulnerable time window but not 
later, is sufficient to produce a PVL-like periventricular lesion as well 
as a PVL-like permanent deficit in late out-migrating interneurons.

Results
A genetic system for inducible and reversible VEGF blockade at succes-
sive stages of brain development. To allow for conditional and revers-
ible VEGF LOF at defined developmental timings, a bitransgenic 
mouse system based on conditional induction (and, in turn, dein-
duction) of a secreted VEGF decoy receptor was developed and 
used throughout the study. Briefly, a transgenic mouse express-
ing a secreted chimeric protein composed of the VEGF-binding 
domain of VEGFR1 fused to an IgG1-Fc tail and driven by a tetra-
cycline-inducible promoter (Tet-sVEGFR1 “responder” line) (12) 
was crossed with a transgenic mouse expressing a tetracycline-
dependent transactivator protein (tTA) driven by a brain-specific 
calmodulin kinase IIα promoter (CamkIIα-tTA “driver” line) (13). 
The VEGF decoy receptor is specifically induced in the brain of 
CamkIIα-tTA::TET-sVEGFR1 double-transgenic mice within 24 
hours of withdrawing tetracycline from the drinking water (Tet-
off), sequestering VEGF and precluding signaling (see schematic 
in Figure 1A and Methods for details).

The CamkIIα promoter was chosen as the driving promoter 
due to its activity in the developing cortex encompassing the GM 
bordering the ventricles (Figure 1B), which is also the site of prima-
ry injury in PVL. Initial experiments have shown that the CamkIIα 
promoter drives efficient sVEGFR1 production in the GM at all 
developmental times (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI79401DS1) 
and in the subventricular zone (SVZ) and around the ventricles up 
to adulthood (Figure 1C and ref. 14). It is noteworthy that, because 
it is a secreted protein, induced sVEGFR1 is also accessible to 
cortical layers extending beyond its site of production. Resuming 
tetracycline addition (on-off regime) led to rapid deinduction of 
sVEGFR1 (Figure 1C and corroborated by Northern blotting and 
ELISA for the soluble receptor; data not shown), thereby allowing 
transient VEGF blockade at all developmental intervals of choice.

Cerebral regions affected by VEGF LOF become progressively restrict-
ed as gestation progresses and eventually are confined to the periventricu-
lar ganglionic eminence zone. To determine the developmental timing 
and spatial distribution of acquiring VEGF refractoriness, sVEGFR1 
was induced at sequential stages of brain development by omitting 
tetracycline from the drinking water of pregnant mothers, starting at 

a critical gestation age are no longer vulnerable. Addressing these 2 
fundamental issues has been hampered by the lack of an appropriate 
animal model capable of reproducing any of these disease hallmarks.

On the premise of a vascular basis for PVL pathogenesis, we 
herein propose that immature blood vessels in the developing brain 
are the primary target of PVL-inducing insults. Correspondingly, 
we argue that the unique temporal and spatial patterns of the dis-
ease are determined by the developmentally programmed pattern 
of cerebral vessel maturation. A critical examination of this propo-
sition first necessitated elucidating spatial and temporal patterns of 
vascular maturation in the developing brain. Two functional features 
distinguishing mature from immature vessels are the acquisition of 
a functional blood-brain barrier (BBB) and the acquisition of VEGF-
independent status, with the latter bearing a particular relevance to 
insults associated with perturbations in brain oxygenation. Using 
both parameters, a developmentally programmed inward wave of 
vessel maturation was uncovered in which periventricular vessels 
were the last among all cerebral vessels to mature and hence the only 
vessels still dependent on VEGF at the time of premature birth.

Because management of VLBW newborns almost always 
involves high oxygen treatment, it could be hypothesized that PVL 
also shares with ROP a seemingly paradoxical situation in which 
excessive oxygen, because it leads to obliteration of immature ves-
sels, counterintuitively produces the proximal insult of insufficient 
oxygen. Consistent with this proposition are studies in prematurely 
delivered baboon neonates showing that the mode of ventilatory 
support greatly affects the severity of PVL-like cerebral damage (10, 
11). Notably, vascular imaging in human PVL infants has revealed 
a defect of periventricular vessels in the deep white matter, with a 
pattern indicative of their physical loss at this site (8) reminiscent 
of the focal vascular loss typifying ROP. Together, these findings 

Figure 1. A system for brain-specific, conditional VEGF LOF. (A) A 
schematic of the “driving” CamkIIα-tTA transgene and the “responder” 
tetracycline-regulated sVEGFR1 transgene composing the conditionally 
induced bitransgenic system. (B) Immunostaining of sagittal E16.5 embryo 
sections for human VEGFR1 (not detecting endogenous receptor variants) 
in the presence (“off” mode) or absence (“on” mode) of tetracycline. (C) 
Immunostaining of adult (6 months old) brain sections for hVEGFR1 main-
tained in the off mode (left), on mode (middle), or an on/off mode (right). 
Note full reversibility of transgene induction. Images were reproduced 6 
times. Scale bars: 100 μm. V, lateral ventricle; CP, choroid plexus.
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E11.5 (Figure 2, A–F), and no cortical thin-
ning was evident when it was initiated 
at E12.5 or later (Figure 2, G–R). In situ 
visualization of cells undergoing apopto-
sis revealed that, contrary to widespread 
apoptosis induced by VEGF blockade at 
early stages, apoptosis was progressively 
more restricted if initiated at later stages 
and from E13.5 was confined to only a 
few rows of cells lining the lateral wall of 
the lateral ventricle (Figure 2L; see also 
enlarged image in Figure 4E). Of note, 
this area encompasses the medial and 
lateral ganglionic eminence (GE), which 
is the functional equivalent of the human 
subpallial part of the GM. Remarkably, 
apoptosis was no longer detectable when 
the onset of VEGF blockade was delayed 
by only 1 day (Figure 2, M–O). These 
results thus point at the GE in the lateral 
wall as the last region to undergo transi-
tion from a VEGF-dependent to a VEGF-
independent state and to the E13.5–E14.5 
interval as the critical period when this 
transition takes place. Because it may 
take up to 1 day for tetracycline to be fully 
cleared and for sVEGFR1 to be induced, 
as is indeed demonstrated in Supple-
mental Figure 1, actual gestational stages 
affected by VEGF LOF might, in fact, be 

more than 1 day later than indicated. Levels of induced sVEGFR1 
stayed high even after closure of the vulnerability window (Supple-
mental Figure 1), indicating that undetectable vessel regression 
reflects a genuine transition to a VEGF-refractory phase.

To rule out the possibility that preferential vulnerability of the 
GE is not merely a reflection of a preferential expression of the driv-
ing promoter at this site, we resorted to VEGF LOF using another, 
ubiquitous driving promoter. In these experiments, a Rosa26-rtTA 
driver mouse replaced the CamkIIα-tTA driver mouse for conditional 

E9.5. Initiating the VEGF blockade anytime earlier than E12.5 result-
ed in postpartum death, which was similar to the postpartum death 
phenotype observed in transgenic mice harboring brain-specific 
VEGF-insufficient alleles (15). Later onsets of VEGF blockade, from 
E12.5 and onwards, yielded viable pups surviving to adulthood.

Inspection of brains retrieved close to birth revealed that, while 
cortical size was dramatically reduced when sVEGFR1 was induced 
on E9.5, progressive diminution of cortical thinning was evident in 
brains in which VEGF blockade was initiated between E9.5 and 

Figure 2. Spatiotemporal mapping of a devel-
opmental transition to a VEGF-refractory 
state. sVEGFR1 was induced at the indicated 
times of embryonic development, and all 
brains were retrieved for analysis at E18.5. For 
comparison, a nonmanipulated E18.5 brain 
is shown in the lower panels (F, Q, R). Left 
panels (A, D, G, J, M, P): whole brains; middle 
panels (B, E, H, K, N, Q): H&E-stained coronal 
sections at the level of the lateral ventricle 
and GM; right panels (C, F, I, L, O, R): adjacent 
serial sections stained for blood vessels (IB4) 
and for apoptosis (cleaved caspase-3). Note 
progressive reduction in regions undergoing 
apoptosis and complete resistance to VEGF 
knockdown from E14.5. Every age group was 
reproduced at least 3 times. C, cortex; BS, 
brain stem; SC, spinal cord. Arrows indicate 
areas of tissue necrosis. Scale bars: 200 μm.
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situation of endothelially restricted expression was also found 
for VEGFR1 (Flt1). Due to the very low level of VEGFR1 expres-
sion, however, undetectable by in situ immunofluorescence, we 
resorted to in situ RNA analysis in which a very low signal could 
be detected in endothelial cells but nowhere else (Figure 4B). 
Considering, however, previous reports on VEGFR2 expression 
in nonendothelial hippocampal cells (15), low-level expression 
of VEGF receptors in nonendothelial cells, below our detection 
levels, cannot be excluded. Consistent with the contention that 
neuronal damage due to VEGF LOF is not mediated by direct 
signaling to neurons are findings of Haigh et al. (16) showing 
that the severe neuronal damage usually observed following 
cerebral VEGF knockout could not be detected following a neu-
ronal-specific knockout of Flk1.

To provide further support to the assertion that neuro-
nal damage is secondary to vascular loss, we next determined 
whether endothelial and neuronal apoptosis occur concomi-
tantly or sequentially. To this end, sVEGFR1 was induced at 

E13.5 and brains were examined 2 or 3 days thereafter. As shown in 
Figure 4C, 2 days of VEGF blockade were sufficient to obliterate GE 
vessels and, consequently, to generate focal GE hypoxia (visualized 
with the aid of the hypoxia marker Hypoxyprobe, Figure 4D). Yet 
no neuronal cell apoptosis could be detected at this time. Prolong-
ing the VEGF blockade for 1 additional day, however, led to massive 
apoptosis of both neuronal and endothelial cells in the GE (Figure 4, 
E and F). The fact that endothelial apoptosis and resultant hypoxia 
precede neuronal apoptosis strongly argues that death of GE neu-
rons is consequent to vascular loss.

Remarkably, endothelial cell apoptosis due to VEGF with-
drawal resulted in complete clearance of blood vessels from 
the area and in the creation of an avascular zone. The avascular 
periventricular zone generated by VEGF blockade bears a strik-
ing resemblance to the focal pattern of avascularity observed in 
neonates with PVL, as visualized in a barium sulfate–perfused 
brain obtained postmortem from a neonate born prematurely 
and diagnosed with PVL (8). The area devoid of perfused blood 
vessels in the PVL patient is the same locale as the avascular zone 
generated by VEGF blockade.

Selective vulnerability of periventricular vessels is correlated with 
their delayed maturation and BBB closure. To gain insights regard-
ing the cellular basis for the selective dependence of periventricu-
lar vessels on VEGF, we compared the developmental timing of 
pericyte recruitment to different cerebral vascular beds. This is 
because the acquisition of pericyte coverage was previously shown 
to mark vessel maturation with regard to distinguishing VEGF-

sVEGFR1 induction (Figure 3A). In Rosa26-rtTA::TET-sVEGFR1 
double-transgenic mice, sVEGFR1 was indeed efficiently induced 
upon doxycycline addition in all areas of the brain (Figure 3B) and 
elsewhere (not shown). Because global VEGF inhibition leads to 
embryonic lethality within a couple of days, it was only possible to 
switch on sVEGFR1 in this system for 1 day. Based on results shown 
above, we elected to switch on sVEGFR1 in the E13.5–E14.5 and the 
E14.5–E15.5 intervals, i.e., just prior to and immediately following 
anticipated transition of the GE to a VEGF-refractory stage. As shown 
in Figure 3C, VEGF blockade at the E13.5–E14.5 interval indeed 
resulted in massive apoptosis of both endothelial and nonendothelial 
cells residing in the ventricular wall, but not in more distantly located 
periventricular layers. Consistent with findings presented in Figure 2,  
1 day later, the ventricular wall became fully refractory to VEGF with-
drawal (Figure 3D), thereby corroborating both the regional and tem-
poral specificities of periventricular vulnerability.

Vascular loss caused by VEGF blockade precedes neuronal apop-
tosis. VEGF blockade during critical stages of brain development 
leads to a distinct pattern of brain damage (characterized below). In 
order to determine whether neuronal damage is secondary to vas-
cular injury or, alternatively, might be due to a direct effect of VEGF 
on nonendothelial cells, we first examined whether VEGF recep-
tors are expressed on nonendothelial cells, focusing on the relevant 
area where neuronal damage is initially detected, namely the GE. 
The key VEGF-signaling receptor VEGFR2 (Flk1) was found to be 
exclusively expressed on endothelial cells in this region (Figure 4A) 
as well as in all other brain regions examined (not shown). A similar 

Figure 3. Cerebral apoptosis induced by global VEGF LOF with the 
aid of a rosa26-rtTa driver line. (A) Schematic of transgenic mouse 
lines used. (B) Immunostaining for hVEGFR1 in E15.5 brain induced 
1 day earlier (noninduced littermate control on left). Note robust 
induction of the VEGF-trapping receptor throughout. Scale bar: 200 
μm. (C) E14.5 brains in which sVEGFR1 was switched on 1 day earlier 
stained for blood vessels (IB4) and apoptosis (cleaved caspase-3) and 
highlighting GE-specific apoptosis, including EC apoptosis. Higher 
magnification is shown on right. Scale bars: 100 μm (left, middle); 
20 μm (right). (D) E15.5 brain switched on 1 day earlier and showing 
no evidence for GE apoptosis. Scale bar: 100 μm. Image observations 
were reproduced 3 times.
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vessels from claudin-5 negativity to clau-
din-5 positivity mostly took place between 
E13.5 and E15.5, i.e., coinciding with their 
transition to a VEGF-refractory stage.

In search of functional evidence 
that BBB acquisition by periventricular 
vessels lags behind that of other cere-
bral vessels, we used a newly developed 
methodology suitable for in utero mea-
surements of BBB functionality (22). 
The method is based on intrahepatic 
injection of a fluorescent tracer (10 kDa 
TRITC-labeled dextran) and visualiz-
ing vascular leaks in sections of brain 
retrieved 5 minutes after injection (see 
Methods for details). Based on results 
shown above regarding developmen-
tal onset of BBB marker expression, we 

focused on the E14.5–E16.5 interval as the presumed relevant peri-
od for BBB consolidation in the periventricular region. At E14.5, 
GE vessels clearly had not yet sealed their barrier, as evidenced by 
a failure to contain the tracer within the lumen and its distribution 
in the parenchyma surrounding the vessels. At least some vessels 
residing in the dorsal ventricular zone (DVZ) seemed to already 
have better barrier function. Outer cortical vessels, such as in the 
ventral cortex, already had a functional barrier at this time (Fig-
ure 5A). At E14.5, all vessels were already perfused, as a large 
molecular tracer (500 kDa FITC-labeled dextran) was retained 
in the lumen (Supplemental Figure 3). By E15.5, all vessels in the 
periventricular and cortical areas had improved BBB function, evi-
denced by clear luminal entrapment of the tracer (Figure 5B). Full 
functionality was achieved at E16.5, evidenced by full contain-
ment of the tracer within vessels (Figure 5C). These results further 
substantiate a tight correlation between the acquisitions of a func-
tional BBB and a transition to a VEGF- independent state and iden-
tify GE vessels as the last vessels to exit the vulnerability window.

independent from VEGF-dependent vessels in the developing ret-
ina (17) and to play a role in BBB formation (18, 19). Results showed 
that the recruitment of NG2+ pericytes to GE vessels indeed lagged 
behind their recruitment to cortical and other (e.g., to brain stem) 
vascular beds (Supplemental Figure 2A). Yet the process was near-
ly completed by E12.5, and therefore, mere physical engagement 
with NG2+ pericytes could not explain the phenotypic switch of GE 
vessels to a VEGF-refractory state.

In the brain, BBB maturation of newly formed cerebral vessels 
is associated with the appearance of tight-junction molecules (20, 
21). To determine whether periventricular vessels may acquire tight 
junctions later than other cerebral vessels, we first stained endothe-
lial cells for the tight-junction molecules zona occludens-1 (ZO-1) and 
claudin-5, known to be essential for BBB function. Results indeed 
showed a graded increase in the fraction of endothelial cells express-
ing ZO-1 and claudin-5 and a delayed onset of their expression by 
GE vessels relative to their expression in other cortical regions or the 
brain stem (Supplemental Figure 2, B and C). The transition of GE 

Figure 4. Vascular loss and hypoxia precede 
GE neuronal loss. (A) The VEGF receptor 
Flk1, illustrated by immunofluorescence, 
colocalizes with endothelial cells in the GE. 
(B) In situ hybridization for Flt1 shows higher 
grain density in a capillary encompassing 
erythrocytes. Scale bars: 50 μm (A and B). 
(C–G) sVEGFR1 was induced at E13.5, and 
brain was retrieved at E15.5 (C, D, and F) or 
at E16.5 (E and G) and stained for endothelial 
cells (IB4) and apoptosis (CC3) or for hypoxia 
(with Hypoxyprobe). Note that 2 days of 
VEGF blockade were sufficient to com-
pletely eliminate GE vessels and generate 
GE hypoxia (with occasional endothelial cell 
caught undergoing apoptosis, F), but with 
no evidence for GE neuronal apoptosis. The 
latter was, however, clearly evident after 1 
additional day of VEGF blockade. Note at a 
higher magnification (G) that cells undergo-
ing apoptosis are mostly nonvascular cells. 
Image observations were reproduced at least 
4 times. Scale bar: 100 μm (C–G).
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Loss of periventricular vessels leads to a PVL-like phenotype: 
primary periventricular lesions. The myriad of PVL-associated 
lesions is generally divided into a primary component under-
lined by a loss of multiple cell types residing deep in periven-
tricular white matter and secondary neuronal damage, primarily 
loss of neuronal subsets originating at and out-migrating from 
the affected GE. We, therefore, wished to determine whether 
VEGF blockade and a resultant collapse of periventricular vas-
culature would produce both components of the disease. To this 
end, sVEGFR1 was induced at E12.5–E13.5, and animals were 
inspected 20 to 30 days after birth. Manipulated mice showed a 
striking 30% reduction in body weight compared with littermate 
controls, indicative of significant systemic consequences of the 
inflicted brain injury (Figure 6A, left). The deficit in growth was, 
however, compensated with time.

Gross inspection of the overall smaller, olfactory bulb–deficient 
brain (Figure 6A, right, and ref. 14) revealed a dramatic enlargement 
of the lateral ventricle occupying the space of a largely reduced stri-
atum. The marked reduction (about two-thirds) in striatal size was 
disproportionate to the apparently normal size of the cortex (Figure 
6B). The SVZ was dramatically thinned to include only a few patch-

es of proliferating cells (highlighted by Ki-67 staining) 
(Figure 6, C and D). This phenotype, namely, ventricular 
enlargement and reduced periventricular tissue, bears a 
striking resemblance to human PVL (see Supplemental 
Figure 4C). Notably, these abnormalities persisted at 
older ages and were also evident at 8 months of age (the 
latest age examined; data not shown).

Insults to the preterm infant can cause permanent 
brain damage even if lasting for a limited duration, 
provided that they take place during the vulnerabil-
ity window (24–30 weeks of gestation). We there-
fore wished to determine whether a short, transient 
VEGF blockade exercised at the vulnerable time 
window would be sufficient to produce permanent 
brain damage similar to that inflicted by a continu-
ous insult. To this end, sVEGFR1 was induced at E12.5 
and deinduced at E15.5 (on-off switching mode); the 
brain was retrieved for analysis 20 days after birth. 
Efficient deinduction of sVEGFR1 was verified using 
both ELISA and immunohistochemistry for the extra-
cellular domain of human VEGFR1 (not shown). 
Limiting VEGF blockade to the E12.5–E15.5 interval 

reproduced the brain abnormalities observed in mice in which 
sVEGFR1 was continuously “on” from E12.5 onwards. Specifi-
cally, body weight was similarly reduced (not shown), ventricles 
were enlarged, and the striatum was similarly reduced (Supple-
mental Figure 4, A and B).

Illustrating the resemblance to human PVL is an MRI image 
of the brain of a 1-year-old child born prematurely, at gestational 
week 30, and diagnosed with PVL manifesting enlarged ventricles 
and reduced periventricular tissue, including the striatum (Sup-
plemental Figure 4C).

Loss of periventricular vessels leads to a PVL-like phenotype: sec-
ondary lesions affecting late out-migrating neurons. Neuronal deficits 
in PVL encompass not only the periventricular zone, but also neu-
rons that are more peripheral. It is assumed that the latter deficits 
develop secondarily to damage to the neurogenic niches of the GM 
and, correspondingly, that the neuronal subsets mostly affected 
are those born in and migrating out of this region during late ges-
tation. We took advantage of our ability to inflict damage solely to 
the embryonic GE at a selected gestational time in order to follow 
consequences of early and late out-migrating neurons destined to 
the outer cortex. Of particular interest were GABAergic inhibitory 

Figure 5. Delayed acquisition by GE vessels of a functional 
BBB. Leakage of intrahepatically injected fluorescent tracer 
in WT brains of E14.5 (A), E15.5 (B), and E16.5 (C) embryos 
was visualized in brain sections as described in Methods. 
Leakage is evident by a failure to contain the tracer (red) 
within vessels (vessels highlighted by IB4 staining in green) 
and a diffused parenchymal staining. Note BBB maturation 
of GE vessels while they transit from leaky vessels to a more 
sealed vessel state between E14.5 and E15.5. In the DVZ, at 
least some vessels seem to have already acquired some bar-
rier function already at E14.5 (arrows), while in outer cortical 
areas such as the ventral cortex (VC) the BBB is sealed at 
E14.5. Images reproduced represent at least 3 embryos per 
age group. Scale bars: 100 μm.
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interneurons originating at the embryonic GE and out-migrating 
in a sequential “inside-out” order, with interneurons born at E12.5 
mostly populating cortical layers V–VI and interneurons born at 
E16.5 mostly populating layers II–III (23). Induction of sVEGFR1 
at E12.5 (anticipating actual GE damage from E13.5 and onwards) 
led to gross underrepresentation of GABAergic inhibitory inter-
neurons (highlighted by parvalbumin [PV] immunostaining) in 
superficial (II–III) cortical layers, whereas their presence in deeper 
cortical layers was unaffected, as indeed expected, considering 
that these layers were already populated before GE damage was 
inflicted (Figure 7A).

Unlike GABAergic inhibitory interneurons originating from 
the subpallial GE, coinhabiting excitatory pyramidal neurons orig-
inate from the DVZ (24), a region spared by our manipulation. To 
determine whether these neurons, composing the vast majority of 
cortical neurons, would be similarly affected by VEGF blockade, 
the same brains were stained for the panneuronal marker NeuN 
(Figure 7B). No significant change in the number of NeuN+ cells 
could be detected, indicating that lamination of projection neu-
rons was unaffected. Together, these findings indicate that the 
neuronal deficit is restricted only to GE-born neurons and only 
to those scheduled to out-migrate after GE damage occurred. 
Strengthening resemblance to the human condition, a decreased 
density of GABAergic neurons in VLBW premature infants with 
PVL has been reported (25, 26). A cortical deficit in GABAergic 
interneurons was also observed in baboons that were born pre-
maturely and suffered from PVL-like symptoms (11). Our findings, 
therefore, not only attest that our experimental system reproduces 
a PVL-like deficit in GABAergic interneurons, but also reinforce 
the notion that this deficit represents a secondary outcome to peri-
ventricular vascular injury in the preterm neonate.

Discussion
We propose herein a unifying principle 
implicating the state of vessel immaturity at 
the time of immature birth as the key deter-
minant defining both temporal and spatial 
patterns of vulnerability to neuronal inju-
ries of prematurity. Specifically, we argue 
that those vessels at risk are only vessels 
that have remained immature at the time 
when the pathogenic insult is applied, and 
therefore, permanent neuronal damage is 
restricted to cerebral regions served by these 

vessels. This pathogenic mechanism may thus explain the restrict-
ed brain region affected as well as the closure of the vulnerability 
window. While this paradigm clearly applies for retinal vessels, it 
has not been previously addressed in the case of neuronal injuries 
affecting the immature brain. Here, we focus on PVL pathogenesis, 
not only because of its paramount clinical significance, but also 
because explaining its regional specificity is particularly challeng-
ing, considering that the primary cerebral damage is confined to 
the periventricular zone and the secondary, peripheral neuronal 
deficit involves particular neuronal subsets. Notably, the mecha-
nism proposed herein is conceptually different from the notion 
that periventricular vessels are intrinsically unique and hence more 
sensitive than other cerebral vasculatures to insults, conceivably, 
to impaired oxygenation. A number of studies indeed ascribe PVL 
to regional hypoxia-ischemia but, again, it remained unclear why 
impaired oxygenation is restricted to the specific region affected.

Setting the stage for our proposed scenario are findings 
described above showing that maturation of cortical vessels takes 
place in a progressive, wave-like fashion, with periventricular ves-
sels within the GM being the last vessels to mature. Vessel matura-
tion was first defined by the timing of acquiring pericyte coverage 
and tight-junction molecule expression, both considered a prereq-
uisite for consolidation of a functional BBB; refs. 17, 21). It is note-
worthy that tight-junction expression is also relatively delayed in 
human GM vessels (27) (but also see ref. 28 reporting no differ-
ence in tight-junction expression) and that their pericyte coverage 
also lags behind that of other cerebral vessels (29). More indicative 
than marker expression, however, is the status of BBB function-
ality. We have provided what we believe is the first in situ map-
ping of BBB functional status during sequential stages of brain 
development, with results corroborating a delayed acquisition by 

Figure 6. PVL-like pathology in sVEGFR1 mice. (A) 
30-day-old littermates in which sVEGFR1 has been 
induced at E12.5. Note smaller size of the manipu-
lated animal (left image, animal no. 3) and smaller 
brain size and missing olfactory bulb (right image, 
brain at the right). (B) H&E-stained sections of 
brains retrieved from mice shown in A. Note the 
enlarged lateral ventricles and reduced striatum 
(S, encircled by a dashed line) in the manipulated 
brain. Scale bar: 1 mm. (C) Ki-67 immunostaining 
(brown) of the SVZ area in a P30 littermate control 
(left) and the same area in sVEGFR1-manipulated 
brain (right). Scale bar: 200 μm. Images repro-
duced represent at least 15 animals.
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neonates was sufficient to cause PVL-like damage to the periven-
tricular area (10) and findings showing that pattern and magni-
tude of damage to GABAergic interneurons depend on the mode 
of ventilatory support applied (11).

Delineating primary events and secondary sequelae of this 
highly complex disease encompassing multiple cerebral regions 
has been hampered by the lack of an appropriate experimental 
system generating the highly restricted injury considered to be 
the primary lesion. Here, we harnessed a capability of inducing 
a no-perfusion zone exclusively in the relevant area of the GM to 
address this issue, as any neuronal damage occurring elsewhere 
necessarily represents a downstream consequence to this pri-
mary lesion rather than reflecting an unrelated occurrence. Thus, 
underrepresentation of GE-born GABAergic inhibitory interneu-
rons in outer cortical layers in our system must be secondary to the 
massive periventricular apoptosis. By way of extrapolation, find-
ings that in human PVL, periventricular necrosis is often accom-
panied by compromised development and/or migration of GAB-
Aergic inhibitory neurons destined to the overlying cortex suggest 
a similar hierarchy of events in the human condition.

Gross developmental and architectural differences between 
rodent and human brains likely account for the inability of our 
mouse model to accurately reproduce all phenotypes of human 
PVL, notably, limb motor deficits that develop in 5%–10% of 
human PVL cases, but were not reproduced in our mice (as judged 
from their performance in open-field exploration and the rotarod 
analyses [not shown]). This difference may reflect the fact that in 
PVL, neuronal damage is mainly to the corticospinal tract axons 
located near the GM, whereas in mice, these fibers are located lat-

periventricular vessels of a functional BBB and a gross correspon-
dence between the gestational timing of these vessels acquiring a 
functional BBB and becoming refractory. Perhaps even more rel-
evant for this study is the transition from a VEGF-dependent to a 
VEGF-refractory state. Using this operational parameter, we show 
that just before closure of the vulnerability window, VEGF block-
ade results in complete obliteration of exclusively GE vessels. The 
compete correspondence between vessel immaturity and vascular 
VEGF-dependence status resembles the situation in the retina in 
which VEGF suppression by high oxygen results in selective oblit-
eration of immature retinal vessels, consequent regional hypoxia, 
and ROP. By way of extrapolation, it might be suggested that iat-
rogenic hyperoxia may represent a PVL-inducing insult leading to 
vessel regression, generation of vascular-free zones, and conse-
quent regional ischemia/hypoxia. The proposition of a hyperoxia–
VEGF suppression–vessel regression pathogenic axis is consistent 
with the fact that, similarly to ROP, in PVL, neuronal damage of 
subjects (all of them obligatorily spending a long time in oxygen 
chambers) develops in regions devoid of blood vessels (8). While 
our mouse model shows that GM avascularity enforced by VEGF 
blockade indeed triggers a PVL-like phenotype, a definite proof 
for this claim necessitates reproducing these phenotypes via direct 
exposure to oxygen during the vulnerable window of E14.5–E15.5 
and rescue of the phenotype by exogenous VEGF, similar to the 
approach we previously used in elucidating the ROP paradigm 
(3). Unfortunately, however, it is technically impossible to sustain 
mouse embryos of this age ex vivo or efficiently hyperoxygenate 
them in utero. In support of this proposition, however, is a study 
showing that hyperoxygenation of prematurely delivered baboon 

Figure 7. A deficit in cortical inhibitory GABAergic interneurons in sVEGFR1 mice. sVEGFR1 was induced from E12.5 to P1 and brains retrieved for analysis 
at P20. (A) GABAergic interneurons were highlighted by PV staining (red) and separately enumerated in superficial and deep cortical layers. (B) The entire 
neuronal population visualized by NeuN staining and similarly enumerated. Note a marked deficit in GABAergic interneurons, specifically in superficial 
cortical layers, but no significant difference in overall number of cortical neurons. n = 4 in each group. *P = 0.0028, t(6) = 4.801. Scale bars: 100 μm.
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lar specific pathogen–free housing conditions with a 12-hour light/ 
12-hour dark cycle were used. Irradiated rodent food and water/tetra-
cycline were given ad libitum. Both males and females were used for 
all experiments.

Immunohistochemistry. Formalin-fixed paraffin-embedded tissues 
were dissected to 3-μm sections. Staining was done as described (14) 
with the following: anti–human flt-1 (1:100, Abcam, no. Ab9450, or 
R&D, no. Af321), anti-Flk1 (1:200, Cell Signaling, no. 2479) Hypoxy-
probe (1:100, Chemicon, no. 90204), Isolectin B4 (Ib4) (1:10, Sigma-
Aldrich, no. L2140), anti–Ki-67 (1:200, Thermo Scientific, no. 9106), 
anti-NG2 (1:200, Chemicon, no. Ab3520), anti–claudin-5 (1:200 
Zymed, no. 34-1600), anti–ZO-1 (1:200, Zymed, no. 61-7300), and 
anti–cleaved caspase-3 (1:200, Cell Signaling, no. 9961). Frozen sec-
tions were prepared by embedding the brain in 4% paraformaldehyde 
followed by 30% sucrose. 50-μm free-floating sections were stained 
with anti-PV (1:500, Abcam, no. Ab11427) and anti-NeuN (1:500, Cell 
Signaling, no. 12943). Cy5-conjugated extravidin, Cy2 anti-rabbit, 
Cy3 anti-mouse (Jackson), and ImmPRESS Universal (Vector, no. 
MP-7500) were used as secondary antibodies. Confocal microscopy 
was done using an Olympus FV-1000. Z-stacks were done on a ×10 air 
objective and at 2-μm intervals.

Embryonic BBB permeability assay. WT Swiss-Webster mice 
(Taconic Farms Inc.) were used. Deeply anesthetized pregnant mice 
were used, and a minimal volume of 10 kDa Dextran-Tetramethyl-
rhodamine, Lysine Fixable (D1817, Invitrogen) or 500 kDa Dextran-
FITC (Sigma-Aldrich FD-500S) was injected into the embryonic liver, 
while keeping the embryo connected to the maternal blood circulation 
through the umbilical cord (for E14.5, 2 μl; for E15.5, 3 μl; and for E16.5, 
4 μl). After 5 minutes of tracer circulation, embryonic heads were 
fixed by immersion in 4% PFA overnight at 4°C, cryopreserved in 30% 
sucrose, and frozen in TissueTek OCT (Sakura). 12-μm sections were 
then collected and post-fixed in 4% PFA at room temperature for 15 
minutes, washed in PBS, and costained with IB4 or CD31 to visualize 
blood vessels and with DAPI to visualize nuclei. Images were processed 
using Adobe Photoshop and ImageJ (http://imagej.nih.gov/ij/).

Statistics. n ≥ 4 in all experimental groups. At least 4 images were 
taken for each animal, and analysis was done using the average value 
per animal. Experiments were successfully repeated in at least 3 inde-
pendent litters, although the different experiments were not grouped 
for statistics. Image morphometry was performed blind to the experi-
mental conditions. All values are shown as mean ± SEM. Student’s  
t test was done using Excel (Microsoft) and SPSS (IBM) to compare 
between 2 groups using 1-tailed distribution and unequal variances. 
Normal distribution was assessed.

Study approval. All animal studies performed at the Hebrew Uni-
versity were approved by the Animal Care and Use Committee of the 
Hebrew University. Animal studies performed at Harvard University 
were approved by the IACUC of Harvard Medical School.
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erally to the striatum (30). Another difference concerns oligoden-
drocyte death, which is a major hallmark of human PVL; no signifi-
cant reduction in oligodendrocyte numbers was observed in our 
system (data not shown). This is likely due to different anatomical 
distributions of oligodendrocytes that, in mice, are mostly located 
outside of the vulnerable GE and hence are spared (31) It was also 
shown that targeted ablation of GE-generated oligodendrocytes 
is compensated by oligodendrocytes generated elsewhere in the 
mouse brain (31). Likewise, differences in gestational out-migrat-
ing timing of periventricular-born neurons as well as differences 
in their periventricular subregions of origin are likely to determine 
which neuronal subset will be affected. For example, because 
the murine GE is essential for proper development of all telence-
phalic structures, it was not surprising that neuronal apoptosis in 
subpallial regions inflicted by vascular loss at E13.5 culminated in 
severe reduction of the striatum known to develop from these neu-
rons (32). In human PVL, on the other hand, more lesions in the 
thalamus and fewer in the striatum are the common feature (33). 
Despite these interspecies differences, the general principle that 
periventricular necrosis due to vascular collapse adversely affects 
neuronal populations scheduled to out-migrate from the damaged 
area after injury is common to both species.

In summary, the study provides a mechanistic explanation for 
the gestation-stage–restricted vulnerability of human PVL and also 
explains the spatial pattern of incurred neuronal damage and pro-
vides missing insights into the nature of vascular injuries underly-
ing PVL pathogenesis. Having mapped the distribution of imma-
ture vessels at the time of immature birth and equated the state 
of vessel immaturity with their absolute dependence on VEGF, 
we propose the following pathogenic scenario: cerebral hyperoxia 
associated with ventilator treatment of VLBW infants suppresses 
VEGF to below the level required to sustain immature vessels that 
are confined at the time of immature birth to the periventricular 
zone. Obliteration of periventricular vessels and a resultant mas-
sive periventricular necrosis then lead to a sequelae of destructive 
events affecting, among others, neuronal subsets originating at 
and out-migrating from the initially affected zone. While, unlike 
the ROP paradigm, which is done in the postnatal stage, the study 
comes short of providing a definite proof for a VEGF etiology in 
PVL, it provides a framework for its further pursuit. If substanti-
ated, it may also have an impact on the management of VLBW 
infants similar to that of the recognition that hyperoxygenation 
represents an iatrogenic insult for ROP development.

Methods
Mice. Transgenic mouse lines used in this study were obtained as fol-
lows: the CamkIIα-tTA line was purchased from Jackson Laboratories 
(13); the Rosa26-rtTa driver was a gift of R. Jaenisch (Whitehead Insti-
tute, Massachusetts Institute of Technology, Cambridge, Massachu-
setts, USA) (34); the pTET-sVEGFR1 responder line was as described 
previously (35). Due to the use of multiple transgenic lines, we per-
formed experiments on a C57/BL6-ICR cross-breed. For switching 
off I-sVEGFR1, water was supplemented with 500 mg/l tetracycline 
(Tevacycline, Teva Inc.) and 3% sucrose. For switching on the trans-
gene, tetracycline-supplemented water was replaced by fresh water for 
the desired time. Pimonidazole (Hypoxyprobe, Chemicon, 60 mg/kg)  
was injected intraperitoneally 30 minutes prior to sacrifice. Regu-
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