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The role of endothelial HIF-1a in the response to
sublethal hypoxia in C57BL/6 mouse pups

Qi Li', Michael Michaud', Chan Park'?, Yan Huang®, Rachael Couture®, Frank Girodano®, Michael L Schwartz* and
Joseph A Madri’

Chronic sublethal hypoxia, a complication of premature birth, is associated with cognitive and motor handicaps.
Responsiveness to and recovery from this hypoxic environment is dependent on induction of HIF-1a in the cells affected.
Microvascular endothelial-glial and microvascular endothelial-neuronal precursor interactions have been found to be
dynamic and reciprocal, involving autocrine and paracrine signaling, with response and recovery correlated with baseline
levels and levels of induction of HIF-1a. To ascertain the roles of endothelial HIF-1a in the responses of brain microvascular
endothelial cells (EC) and neuronal precursors to hypoxia, we examined the effects of the presence and absence of endo-
thelial HIF-1a expression in culture and in cells comprising the subventricular zone (SVZ) and dentate gyrus under normoxic
and hypoxic conditions. We used C57BL/6 WT and EC HIF-1a-deficient mice and brain microvascular ECs isolated from these
mice in western blots, immunofluorescence, and behavioral studies to examine the roles of EC HIF-1a behaviors of endo-
thelial and neuronal precursor cells (NPCs) in SVZ and hippocampal tissues under normoxic and hypoxic conditions and
behaviors of these mice in open field activity tests. Analyses of ECs and SVZ and dentate gyrus tissues revealed effects of the
absence of endothelial HIF-1a on proliferation and apoptosis as well as open field activity, with both ECs and neuronal cells
exhibiting decreased proliferation, increased apoptosis, and pups exhibiting gender-specific differences in open field
activities. Our studies demonstrate the autocrine and paracrine effects of EC HIF-1a-modulating proliferative and apoptotic
behaviors of EC and NPC in neurogenic regions of the brain and gender-specific behaviors in normoxic and hypoxic settings.
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Chronic sublethal hypoxia is a well-known complication of
very premature birth and is associated with cognitive and
motor handicaps, many of which can persist throughout
the life of the infant.!~® Responsiveness to and recovery from
this hypoxic (Hx) environment is in good part dependent on
induction of HIF-la in the cells affected.>® The central
nervous system’s responses to Hx insult are multi-
cellular, encompassing neuronal precursors (NPCs), neurons,
astrocytes, glia, and endothelial cells (ECs).>°7'4 In
previous in vitro models, we have examined microvascular
endothelial-glial and microvascular endothelial-neuronal
precursor interactions and found both of these intimate
interactions to be dynamic and reciprocal in nature,
involving autocrine!~'8 and paracrine signaling.!!=131923 [n
our studies, we have observed that the levels of response and
recovery in both our in vitro and in vivo models of
chronic sublethal hypoxia of the premature newborn

correlate, in part, with the levels of induction of Sox 10,
BDNF, VEGF, EPO, and HIF-la& in neuronal
precursors and microvascular ECs in the subventricular
zone (SVZ) and cognitive behavior in selected strains (CD1
and C57BL/6).1%%* Specifically, neuronal precursors and
microvascular ECs derived from a particular strain (CD1),
exhibit greater HIF-la baseline and induction, also
exhibit a more robust recovery compared with another strain
(C57BL/6), which exhibit a lower baseline, a more modest
induction of Sox 10, and only minimal induction to modestly
decreased expression of HIF-la and the above-
mentioned genes.>? In a recent study, we found that using
a tetracycline (minocycline) known for its noncanonical
effects, we were able to affect the increase in the levels of Sox
10 in C57BL/6 brain ECs, which in turn elicited increases in
HIF-1a levels and improvement of cognitive behavior in
C57BL/6 mice.*
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Figure 1 Endothelial cells deficient in HIF-1a (HIF-1a EC-KO cells) exhibit lower levels of: HIF-2a, BDNF, phospho (p)-AKT, p-eNOS, inactive GSK-38,
increased p-B-catenin and decreased P-eNOS, cleaved Notch 1, and PCNA. (a) Representative PCR analysis of homozygous (Homo), heterogygous (Het)
and wild-type (WT) pups illustrating the presence of HIF-1a in WT and its absence of the HIF-1a EC KO. (b) Quantitative western blot analysis of cultured
WT and KO endothelial cell lysates illustrating the presence (WT) and absence (KO) of HIF-1a protein expression under both normoxic (Nx) and reduced
0, (Hx) conditions. Horizontal lines denote statistical significance with P-values inserted above n=3. (c—f) Representative immunofluorescence
micrographs of P20 SVZ tissues labeled with anti-HIF-1a and doublecortin (DCX): (c) WT Nx; (d) WT Hx; (e) KO Nx; (f) KO Hx. Scale bar=20 u.

(g-n) Quantitative western blot analyses of cultured WT and KO endothelial cell lysates cultured under Nx and Hx conditions illustrating the of levels of:

(g9) HIF-2a (HIF-1a/B-actin); (h) BDNF (BDNF/B-actin);
() P-eNOS (P-eNOS/eNOS); (m) cleaved Notch 1 (cleaved Notch 1/B-actin);

(i) P-Akt (P-akt/Akt); (j) P-GSK-38-59 (P-GSK-3B-59/GSK-3B);

(k) PS-B-catenin (PS-B-catenin/B-catenin);

(n) PCNA (PCNA/B-actin). Values represent averages of three independent

determinations. Horizontal lines denote statistical significance with P-values of <0.05. Representative western blots of each of the quantitative western
blot analyses are illustrated above each western analysis panel. BDNF, brain-derived neurotrophic factor; EC, endothelial cell; eNOS, endothelial constitutive
nitric oxide synthase; GSK-3B, glycogen synthase kinase-3; HIF-1a, hypoxia-inducible factor 1-a, KO, knockout; PCNA, proliferating cell nuclear antigen.

In light of our previous findings,>>1%12:24 we now examine

the effects of the presence and absence of EC HIF-la
expression in the SVZ ECs and neuronal progenitors of
C57BL/6 mice under normoxic (Nx) and reduced oxygen
conditions, mimicking the chronic sublethal hypoxia of the
very premature newborn. In the studies described here, we
explored the possibility that endothelial HIF-1e affects not
only local EC populations in autocrine and paracrine manners
but also affects local neuronal cells with also comprise
neurovascular and neurogenic niches. Our results, using
C57BL/6 pups, tissues, and cells, illustrates that endothelial
HIF-1lea deficiency results in a decrease of HIF-1a in the SVZ
tissues and decreased expression levels of HIF-2a, Sox 10,
Sox 2, EPO, BDNF, c-Myg, cleaved Notch 1, P-eNOS, PCNA,
YAP and S¢gP-GSK-34, Survivin, Gprl24, and CD31 and
increases in cleaved caspase-3, consistent with losses of
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endothelial and neuronal cell densities, decreased prolifera-
tion, and increased apoptosis in both endothelial and
neuronal populations in the SVZ and hippocampus and
gender-specific changes in behavioral profiles of the endothe-
lial HIF-1e-deficient mice.

MATERIALS AND METHODS
Mice
All animal experiments were conducted in accordance with
the NIH Guide on the Care and Use of Laboratory Animals
and in compliance with the Yale University animal care
committee regulations (approved protocol no. 07366). All
efforts were made to minimize suffering.

EC-specific inactivation of HIF-1la was achieved by cross-
breeding Tie2-Cre transgenic mice?® with HIF-1a*"*" mice
homozygous for the HIF-1a allele with exon 2 flanked by
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loxp sites.”® HIF-1a EC knockout (KO) mice, heterozygous
mice, and wild-type (WT) littermates were confirmed by PCR
using the forward (sense) and reverse (antisense) primers
5-GGAGCTATCTCTCTA GACC-3' (712-730) and 5'-CGA
GTTAAGAGCACTAGTTG-3' (929-909) for the HIF-1a loxP
allele and using the forward (sense) and reverse (antisense)
primers: sense strand, 5-CGCATAACCAGTGAAACAGCA
TTGC-3" and antisense strand, 5'-CCCTGTGCTCAGACAG
AAATGAGA-3', respectively, for the Tie2-Cre allele. Homo-
zygous pups exhibit one band (HIF-1la loxP); heterozygous
pups exhibit two bands: one higher band (identical to HIF-1a
loxP) and a lower band (HIF-1a WT); WT pups exhibit one
band: (HIF-la WT) (Figure la). In all experiments, litter-
mates from the same breeding pairs were used as controls.

Animals

Timed-pregnant litters and associated dams were kept in Nx
conditions (20% O,) from birth (postnatal day 0 (P0)) until
P3. The litters in each cage typically contained seven to eight
C57BL/6 pups. At P3, one-half of the litters were placed in a
hypoxia chamber at 10% O, from P3 to P11, whereas the
other half were maintained in Nx (20% O,) as described
previously.>® This period of brain development in mice
corresponds to ~23 weeks of gestation to full term in the
humans.>®27 At P11, the litters were removed from the
reduced O, environment and placed in ambient oxygen
conditions (20% O,). Pups were harvested at P10 and P20 for
immunofluorescence and western blotting studies. Other
pups underwent behavioral testing at P20 (open field activity).

Tissues

SVZ tissues were isolated from WT and homozygous mice at
P20 and prepared for immunofluorescence and western blot
analyses as described previously.

Cells

Brain microvascular WT ECs were derived, cultured, and
passaged from WT C57BL/6 PO pup brains as described
previously.>#?® At confluency, cultures were placed in
humidified chambers at either 20% O, (Nx) or 10% O,
(Hx) for 3 days, following which lysates were prepared as
described previously.!!>12

Reagents

All antibodies used in this study, the vendors, and their
locations are listed in Supplementary Table 1. All antibodies
were used at a 1:1000 dilution for western blots and 1:100 or
1:200 dilutions for immunofluorescence.

Biochemical and Morphological Studies

At P10 and P20 three pups from each condition were
anesthetized, perfused with sterile PBS, and their brains
removed. The harvested brains were weighed and total
cerebral hemispheres or dissected SVZ tissues were prepared
for western blotting following lysis as described previously.'?

Immunofluorescence

Ten micron frozen sections of P10 and P20 SVZ were
prepared and stained with antibodies as described.?* Briefly,
three pups from each condition were anesthetized and then
perfused with sterile PBS, followed by 4% paraformaldehyde
in sterile PBS. Brains were then placed in 10% to 20% to 30%
over 3 days, placed on chucks with OCT, and sectioned at
10 ¢ on a Reichert microtome as described previously.>>1112
Sections of SVZ were stained for Ki67, cleaved caspase-3,
CD31, PCNA, YAP, Sruvivin, and DAPI. Sections of cerebrum
were stained for HIF-1a, doublecortin (DCX), GFAP, Ki67,
and DAPI. Tissue sections were analyzed using an Olympus IX
71 inverted fluorescence/phase and bright field microscope
(Olympus, Tokyo, Japan) equipped with an Optronics Micro-
fire camera (Goleta, CA, USA) and Pictureframe version

>

Figure 2 HIF-1a EC-KO SVZ tissues exhibit decreased Ki67, increased cleaved caspase-3, and decreased CD31 in the SVZ. (a—d) Representative
fluorescence microscopic micrographs of SVZ tissues revealed decreases in Ki67 labeling in normoxic wild-type (Nx WT) and Nx and Hx knockout (Nx
and Hx KO) SVZ compared with NX WT SVZ tissues. Scale bar=100 um. (e) Quantitation of the numbers of Ki67-positive cells in the SVZ tissues derived
from analysis of the SVZ of three pups. Horizontal lines denote statistical significance with P-values of <0.05. (f) Western blot analysis of NX and HX WT
and KO SVZ tissues derived from three pups, labeling with PCNA antibody, confirming the morphological-based results. Horizontal lines denote
statistical significance with P-values of <0.05, n=3. (g) Representative high-power micrographs illustrating the differences noted in WT Nx SVZ
compared with KO Nx SVZ. Scale bar=50 pm. (h-k) Representative fluorescence microscopic micrographs of SVZ tissues revealed increases in cleaved
caspase-3 (CC3) labeling in Hx WT and Nx and Hx KO SVZ compared with Nx WT SVZ tissues. Scale bar=100 um. (I) Quantitation of the numbers of
CC3-positive cells in the SVZ tissues derived from analysis of the SVZ of three pups. Horizontal lines denote statistical significance with P-values of
<0.05. (m) Western blot analysis of Nx and Hx WT and KO SVZ tissues derived from three pups, labeling with cleaved caspase-3 antibody, confirming
the morphological-based results. Horizontal lines denote statistical significance with P-values of <0.05, n=3. (n) Representative high-power micrographs
illustrating the differences noted in Nx WT SVZ compared with Nx KO SVZ. Scale bar=50 um. (o—r) Representative fluorescence microscopic
micrographs of SVZ tissues revealed decreases in CD31 labeling in Hx WT and Hx KO SVZ compared with Nx WT and KO SVZ tissues. Scale

bar =100 um. (s) Quantitation of CD31-positive tube length in the SVZ tissues derived from the analysis of the SVZ of three pups. Horizontal lines
denote statistical significance with P-values of <0.05. (t) Western blot analysis of Nx and Hx WT and KO SVZ tissues derived from three pups, labeling
with CD31 antibody, confirming the morphological-based results. Horizontal lines denote statistical significance with P-values of <0.05, n=3. (u)
Representative high-power micrographs illustrating the differences noted in WT Nx SVZ compared with KO Nx SVZ. Scale bar=50 um. Representative
western blots of each of the quantitative western blot analyses are illustrated above each western analysis panel. EC, endothelial cell; KO, knockout;

PCNA, proliferating cell nuclear antigen; SVZ, subventricular zone.
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3.00.30 software. Photoshop CS6 (Adobe Systems, San Jose,
CA, USA) and InDesign CS6 (Adobe Systems) were used to
generate publication micrographs as described previously.?*3°

Western Blotting

SVZ regions were dissected out of the brains of pups
from each condition and homogenized in a lysis buffer as
described.>>11>12 All data obtained from western blot analyses

Endothelial HIF-1a in response to hypoxia
Q Li et al

were reported as averages of three independent analyses.
Statistical significance (determined using N-way analysis of
variance) was ascribed to the data that achieved P<0.05
(expressed as means +s.d.) using the StatView statistical
package on a Macintosh G5 computer. Specifically, N-way
analysis of variance was used to evaluate the statistical
significance of comparisons of western blots of Nx and
reduced oxygen-treated NSC cultures. N-way analysis of
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variance was also used in examination of western blots of SVZ
isolated from P10 and P20 pups reared under Nx and reduced
oxygen levels.

Behavioral Testing

Open field activity

At P20, mice were assessed using the open field activity task as
described previously.>* Thirty-seven male and female P20
pups (20 HIF-1a EC-KO and 17 WT C57BL/6 littermate pups,
comprised of 18 Nx-reared and 19 Hx-reared pups totaling to
17 males—8 Nx and 9 Hx males and 20 females—10 Hx and
10 Nx females) were evaluated for spontaneous open field
behavior. Mice were placed in a Plexiglas-enclosed open field
(25%x25x 40 cm’®) equipped with infrared photo beams
coupled to a computer running TruScan software version
2.06-USB (Coulbourn Instruments, Whitehall, PA, USA) to
automatically record movements within the field. Activity was
monitored during a single 15-min session and measures of
total distance moved (centimeters per 3 min), the mean
velocity of movements (coordinate changing movements), the
amount of time without movement (rest time; seconds per
3 min), margin time (time within 3.8 cm of the chamber wall),
and center time (time central to the area within 3.8 cm of the
chamber wall) were recorded. Data were binned into three 3-
min intervals and were analyzed using a multiple analysis of
variance test with repeated measures. At least three mice
comprised of each group studied. Statistical significance
(determined by N-way analysis of variance) were ascribed to
the data that achieved P<0.05 expressed as means + s.d. using
the StatView program version 5 (SAS Institute, Cary, NC,
USA) in the Excel:mac 2011 statistical package version 14.3.8
on a Macintosh G5 computer (Apple, Cupertino, CA, USA).

RESULTS

C57BL/6 HIF-1a EC-KO Mice do not Express Endothelial

HIF-1a

Offspring of matings of Tie2-Cre transgenic mice and
HIF-1a"”*" mice homozygous for the HIF-la allele with
exon 2 flanked by loxP sites were analyzed by PCR at 3 weeks
of age and identified by numbered ear tags. Animals
homozygous for HIF-1a loxP yielded a single band, whereas
heterozygous animals exhibited two bands and WT animals
yielded a single lower band (Figure la). The absence of
HIF-la was confirmed in cultures of WT and HIF-la KO
ECs by western blotting with no detectable HIF-1a. P20 SVZ
tissue sections examined using antibodies directed against
HIF-la and DCX immunofluorescence revealed vascular
HIF-1a labeling in both Nx- and Hx WT-reared pup tissues
(Figures 1c and d) and a lack of vascular labeling in Nx- and
Hx-reared KO pup SVZ tissues (Figures le and f).

HIF-1a EC-KO EC Express Lower Levels of: BDNF, p-AKT,
p-eNOS, Inactive GSK-3f8, and Increased p-B-catenin

Western blot analysis of WT and KO EC cultured under Nx
(20% O,) and reduced oxygen (Hx) (10% O,) conditions
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revealed significant reductions in HIF-2a in the Nx and
reduced O, KO cultures (Figure 1g). Analysis of BDNF
revealed significant loss in BDNF expression in Nx and
reduced O,-cultured KO EC and a similar reduction in
reduced O,-cultured WT EC compared with Nx-cultured WT
EC (Figure 1h). Similar reductions were also observed in the
fractions of phospho-Akt compared with total Akt (Figure 11),
as well as the fractions of P-GSK-3/(S9) when compared with
total GSK-3$1]J. When the fractions of PS-f-catenin were
compared with total -catenin, both Nx and reduced O, KO
EC exhibited higher fractions of PS-f-catenin compared with
both Nx and reduced O, WT EC cultures (Figure 1k). When
the fractions of P-eNOS were compared with total eNOS
(Figure 11), they were found to be decreased compared with
Hx WT, Nx KO, and Hx KO cultures. Similarly, levels of
cleaved Notch 1 and PCNA were also found to be reduced in
Hx WT, Nx KO, and Hx KO cultures compared with Nx WT
cultures (Figures 1m and n). Representative western blots
used in the quantitation of the proteins listed in Figure 1 are
illustrated below each panel. Supplementary Table 2A is a
compilation of the statistical analyses performed on results of
the western blots. Supplementary Table 2B is a summary of
the statistical analyses illustrated in Supplementary Table 2A
and illustrates the general patterns of gene differences in Nx
KO vs Hx WT and Nx KO vs Hx KO compared with Nx WT
vs Nx KO, Nx WT vs Hx WT, Hx WT vs Hx KO, and Hx WT
vs Hx KO, consistent with differences in the pathways
impacted by the various combinations of O,% and HIF-1a
EC KO affecting the ECs. In general, when Nx KO, Hx WT,
and Hx KO were compared with Nx WT, the KO and Hx
samples exhibited decreased expression of genes associated
with EC proliferation. In contrast, Nx KO, HX WT, and Hx
KO samples exhibited no differences in the decreases in
expression of these genes, consistent with decreased
proliferation.

HIF-1a EC-KO SVZ Tissues Exhibit Decreased Ki67,
Increased Cleaved Caspase-3, and Decreased CD31
Immunofluorescence analysis of P10 WT and HIF-1a EC-KO
SVZ tissues revealed increased Ki67 labeling in Nx WT pup
tissues compared with WT pups reared in reduced O, and KO
pups reared in both Nx and reduced O, conditions
(Figures 2a—d). Quantitation of Ki67-positive SVZ cells reared
in these conditions is illustrated in Figure 2e, consistent with
panels a—d. Figure 2f represents the summary of three
independent western blot analyses of SVZ tissue lysates
analyzed for PCNA expression, confirming the morphological
data illustrated in Figures 2a—e. Above the quantitation of the
western blot analysis is a representative micrograph of the
immunoblots. Figure 2g is comprised of two high-power
micrographs of SVZ areas illustrating the increased Ki67
labeling in WT Nx-reared pups compared with the greatly
diminished labeling in KO pups reared in Nx conditions.
Diminished Ki67 labeling was also noted in WT and KO pups
reared in reduced O, conditions (not shown).
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Immunofluorescence analysis of P10 WT and HIF-1a KO KO
SVZ tissues revealed increased cleaved caspase-3 labeling in WT
pups reared in reduced O, and KO pups reared in Nx and
reduced O, conditions compared with WT pups reared in Nx
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conditions (Figures 2h—k). Quantitation of cleaved caspase-3-
positive SVZ cells reared in these conditions is illustrated in
Figure 2l

Figure 2m represents the summary of three

independent western blot analyses of SVZ tissue lysates analyzed
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Figure 3 P20 pHIF-1a EC-KO SVZ tissues exhibit decreased expression levels of HIF-1q, HIF-2a, Sox 10, Sox 2, EPO, BDNF, TrkB, phospho (P)-Akt,
SoP-GSK-38, PS-B-catenin, YAP, Survivin, c-Myc, P-eNOS, PCNA, cleaved Notch 1, Grp124, and CD31 and increases in cleaved caspase-3. Western blot

analysis of SVZ tissues derived from normoxic (Nx) and hypoxic (Hx) wild-type (WT) and knockout P20 pups revealed: (a) decreased expression of HIF-1a
in Hx WT, Nx KO, and Hx KO SVZ (due to the loss of EC HIF-1a in KO pups and the hypoxic insult in Nx pups); (b) decreased expression of HIF-2a in Hx
WT, Nx KO, and Hx KO SVZ; (c) reduced expression of Sox 10 in Hx WT, Nx KO, and Hx KO SVZ; (d) reductions in Sox 2 expression in Hx WT and KO
SVZ; (e) reductions in EPO in HX WT and Hx KO SVZ; (f) reductions in BDNF in Nx WT and Nx and Hx KO SVZ; (g) reduction of TrkB expression in Hx KO
SVZ; (h) decreased expression of P-Akt in Hx WT, Nx KO, and Hx KO SVZ; (i) decreased expression of SgP-GSK-38 in Hx WT, Nx KO, and Hx KO SVZ; (j)
increased expression of PS-B-catenin in Hx WT, Nx KO, and Hx KO SVZ; (k and I) decreased expressions of YAP and Survivin in Hx WT, Nx KO, and Hx
KO SVZ; (m) reductions in c-Myc expression in Nx and Hx KO SVZ; (n) decreased expression of P-eNOS in Hx WT, Nx KO, and Hx KO SVZ; (o) decreased
expression of PCNA in Hx WT, Nx KO, and Hx KO SVZ; (p) decreased expression of cleaved Notch 1 at P10 in Nx KO, Hx WT, and Hx KO SVZ; (q and r)
decreased Grp124 in Hx WT, Nx KO, and Hx KO SVZ; (r) decreased CD31 in Nx KO and Hx KO SVZ; and (s) increased expression of cleaved caspase-3 in
Hx WT and Hx KO SVZ. Values represent averages of three independent determinations. Horizontal lines denote statistical significance with P-values of
<0.05. Representative western blots of each of the quantitative western blot analyses are illustrated below each western analysis panel. BDNF, brain-
derived neurotrophic factor; EC, endothelial cell; eNOS, endothelial constitutive nitric oxide synthase; EPO, eythropoietin; GSK-3f, glycogen synthase
kinase-38; HIF-1a, hypoxia-inducible factor 1-a, KO, knockout; PCNA, proliferating cell nuclear antigen; SVZ, subventricular zone.
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for cleaved caspase-3 expression, confirming the morp-
hological data illustrated in Figures 2h—k. Above the quant-
itation of the western blot analysis is a representative micrograph
of the immunoblot. Figure 2n is comprised of two high-
power micrographs of SVZ areas illustrating the decreased
cleaved caspase-3 labeling in WT Nx-reared pups
compared with the increased labeling in KO pups reared in
Nx conditions. Increased cleaved caspase-3 labeling was also
noted in WT and KO pups reared in reduced O, conditions
(not shown).

Immunofluorescence analysis of P10 WT and HIF-1a KO
SVZ tissues revealed increased CD31 labeling in WT pups
reared in Nx and reduced O, conditions, whereas KO pups
reared in Nx and reduced O, conditions exhibited reduced
labeling (Figures 2o0-r). Quantitation of CD31-positive SVZ
cells reared in these conditions is illustrated in Figure 2s,
which shows decreased numbers of CD31-positive cells in KO
Nx and reduced O, conditions. Interestingly, a modest
increase in CD31-positive cells was noted in WT Hx
conditions compared with CD31 cell levels in WT Nx
conditions. Figure 2t represents the summary of three
independent western blot analyses of SVZ tissue lysates,
confirming the morphological data illustrated in Figures 20—,
with the exception of the WT Hx conditions, in which the
levels of CD31 were decreased compared with levels observed
in WT Nx tissues. This may reflect the contributions of
CD31-positive cells in areas adjacent to the SVZ. Above the
quantitation of the western blot analysis is a representative
micrograph of the immunoblot. Figure 2u is comprised of
two high-power micrographs of SVZ areas illustrating the
increased Ki67 labeling in WT Nx-reared pups compared
with the greatly diminished labeling in KO pups reared in Nx
conditions. Increased CD31 labeling was noted in WT pups
reared in reduced O, conditions, but was relatively dimin-
ished in KO pups reared in reduced O, conditions
(not shown). Supplementary Table 3A is a compilation of
the statistical analyses performed on results of the western
blots. Supplementary Table 3A is a compilation of the
statistical analyses performed on results of the immunofluor-
escence data and the western blots. Supplementary Table 3B
is a summary of the statistical analyses illustrated in
Supplementary Table 3A and illustrates the general patterns

of gene differences in Nx KO vs Hx WT and Nx KO vs Hx KO
compared with Nx WT vs Nx KO, Nx WT vs Hx WT, Hx WT
vs Hx KO, and Hx WT wvs Hx KO, consistent with
differences in the pathways impacted by the various
combinations of O,% and HIF-1la EC KO affecting the cells
comprising the SVZ. Similar to our findings in
Supplementary Tables 2A and B, when Nx KO, Hx WT,
and Hx KO were compared with Nx WT, the KO and Hx
samples exhibited decreased expression of genes associated
with SVZ cell proliferation. In contrast, Nx KO, HX WT, and
Hx KO samples exhibited fewer differences in the decreases
(and increase in cleaved caspase-3) in the expression of these
genes, consistent with decreased proliferation and increased
apoptosis in the SVZ.

HIF-1a EC-KO SVZ Tissues Exhibit Decreased Expression
Levels of Sox 10, Sox 2, EPO, BDNF, c-Myc, PCNA, P-Akt,
Cleaved Notch 1, SqP-GSK-38, PS-B-catenin, P-eNOS, YAP,
Survivin, TrkB, Grp124, and CD31 and Increases in
Cleaved Caspase-3
Western blot examination of P20 SVZ tissues (comprised of
the SVZ immediately lining the lateral ventricles and a
small amount of tissue beneath that zone) revealed that
endothelial HIF-1a deficiency resulted in a significant
loss of HIF-lar (Figure 3a) as well as decreased expression
levels of HIF-2a (Figure 3b), Sox 10 (Figure 3c), Sox 2
(Figure 3d), EPO (Figure 3¢), BDNF (Figure 3f), TRKB in KO
Hx tissues (Figure 3g), P-Akt (Figure 3h), SgP-GSK-3p3
(Figure 3i), increases in PS-f-catenin (Figure 3j), decreases
in YAP (Figure 3k), Survivin (Figure 3l), c-Myc in KO Nx
and KO Hx tissues (Figure 3m), P-eNOS (Figure 3n),
PCNA (Figure 30), cleaved Notch 1 (Figure 3p), Grpl24
(Figure 3q), CD31 in KO Nx, and KO Hx tissues (Figure 3r),
and increases in cleaved caspase-3 in KO Hx tissues
(Figure 3s), consistent with losses of endothelial and neuronal
cell densities in the HIF-la EC-KO mice. Representative
western blots used in the quantitation of the proteins listed in
this figure are illustrated above the individual panels.
Supplementary Table 4A is a compilation of the statistical
analyses peformed on results of the western blots.
Supplementary Table 4B is a summary of the statistical
analyses illustrated in Supplementary Table 4A and illustrates

>

Figure 4 SVZ endothelial cells and neural precursors of HIF-1a EC-KO pups exhibit decreased levels of PCNA, Ki67, YAP, and Survivin and increased
levels of cleaved caspase-3 (CC3). Immunofluorescence labeling of SVZ tissues of WT and KO P20 pups reared under normoxic (Nx) and hypoxic (Hx)
conditions revealed significant differences in PCNA, Ki67, YAP, Survivin, and cleaved caspase-3 expression. WT Nx, WT Hx, KO Nx, and KO Hx P20 SVZ
labeled with: (a—d) CD31 (green fluorescence), PCNA (red fluorescence), and DAPI (blue fluorescence); (e~h) Nestin (green fluorescence), Ki67

(red fluorescence), and DAPI (blue fluorescence); (i-l) CD31 (green fluorescence), YAP (red fluorescence), and DAPI (blue fluorescence); (m-p) Nestin
(green fluorescence), YAP (red fluorescence), and DAPI (blue fluorescence); (g-t) CD31 (green fluorescence), Survivin (red fluorescence), and DAPI

(blue fluorescence); (u-x) Nestin (green fluorescence), Survivin (red fluorescence), and DAPI (blue fluorescence); (y-b1) CD31 (green fluorescence),

CC3 (red fluorescence), and DAPI (blue fluorescence); (c1-f1) Nestin (green fluorescence), CC3 (red fluorescence), and DAPI (blue fluorescence). Scale
bar=5 pm. BDNF, brain-derived neurotrophic factor; DAPI, 4',6-diamidino-2-phenylindole; EC, endothelial cell; eNOS, endothelial constitutive nitric oxide
synthase; EPO, eythropoietin; GSK-38, glycogen synthase kinase-3(; HIF-1a, hypoxia-inducible factor 1-a, KO, knockout; PCNA, proliferating cell nuclear

antigen; SVZ, subventricular zone; WT, wild type.
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general patterns of gene differences in Nx KO vs Hx WT and  consistent with differences in the pathways impacted by the
Nx KO vs Hx KO compared with Nx WT vs Nx KO, Nx WT  various combinations of O,% and HIF-1la EC KO affecting
vs Hx WT, Hx WT vs Hx KO, and Hx WT vs Hx KO, the cells comprising the SVZ. Similar to our findings in
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Supplementary Tables 2A, B and 3A,B, when Nx KO, Hx WT,
and Hx KO were compared with Nx WT, the KO and Hx
samples exhibited decreased expression of genes associated
with SVZ cell proliferation and increases in cleaved caspase-3
consistent with apoptosis. In contrast, Nx KO, Hx WT, and
Hx KO samples exhibited fewer differences in the decreases
(and increase in cleaved caspase-3) in expression of these
genes, consistent with decreased proliferation and increased
apoptosis in the SVZ.

SVZ of HIF-1a EC-KO Pups Exhibit Decreased Levels of
PCNA, Ki67, YAP, and Survivin and Increased Levels of
Cleaved Caspase-3
Immunofluorescence analysis of SVZ harvested from P20 WT
and HIF-1a EC-KO pups reared under Nx and Hx (reduced
0, (10%)) conditions revealed similar changes in the
expression levels of PCNA in CD31-positive ECs and Ki67
in Nestin-positive neural cells. Specifically, ECs in the SVZ
harvested from WT pups reared under Nx and Hx conditions
exhibited occasional PCNA labeling (magenta and white
labeling due to colocalization with DAPI and ECs) (Figures 4a
and b), whereas the SVZ harvested from KO pups reared
under Nx and Hx conditions exhibited essentially
non-detectable PCNA labeling, and a relative paucity of
CD31-positive cells (Figures 4c and d). Similarly, Nestin-
positive cells in the SVZ harvested from WT pups reared
under Nx and Hx conditions exhibited robust Ki67 labeling,
colocalizing with Nestin (Figures 4e and f), whereas the SVZ
harvested from KO pups reared under Nx and Hx conditions
exhibited only occasional Ki67 labeling (Figures 4g and h).
YAP labeling in both CD31- and Nestin-positive SVZ cells
essentially mirrored what was observed in the PCNA and Ki67
labeling. Namely, ECs in the SVZ harvested from WT pups
reared under Nx and Hx conditions exhibited occasional YAP
labeling (Figures 4i and j), whereas the SVZ harvested from
KO pups reared under Nx and Hx conditions exhibited
essentially non-detectable YAP labeling (Figures 4k and 1).
Similarly, Nestin-positive cells in the SVZ harvested from WT
pups reared under Nx and Hx conditions exhibited robust
YAP labeling (Figures 4m and n), whereas the SVZ harvested
from KO pups reared under Nx and Hx conditions exhibited
essentially non-detectable YAP labeling (Figures 40 and p).
Survivin labeling in both CD31- and Nestin-positive SVZ
cells also mirrored what was observed in the PCNA and Ki67
and YAP labeling. CD31-positive ECs in the SVZ harvested
from WT pups reared under Nx conditions exhibited robust
Survivin labeling (Figures 4q and r), whereas cells from KO
pups reared under Hx conditions exhibited rare Survivin- and
CD31-positive cells (Figures 4s and t). Nestin-positive cells
from the SVZ harvested from KO pups reared under Nx
conditions exhibited occasional Survivin positivity, whereas
only rare Nestin- and Survivin-positive cells were observed in
the SVZ of KO pups reared under Hx conditions (Figures 4u
and x).

364

Cleaved caspase-3 labeling in CD31-positive SVZ cells
harvested from WT pups and reared under Nx and Hx
conditions exhibited essentially no detectable labeling
(Figures 4y and z). In contrast, cleaved caspase-3 labeling in
CD31-positive SVZ cells harvested from KO pups and reared
under Nx and Hx conditions exhibited occasional labeling
(Figures 4A1 and B1). While Nestin-positive cells from the
SVZ harvested from WT pups reared under Nx conditions
exhibited no detectable cleaved caspase-3 positivity (Figure 4
C1), cleaved caspase-3 labeling was observed in the SVZ of
Hx-reared WT pups (Figure 4D1). KO pup Nx- and Hx-
reared SVZ exhibited modest labeling (Figures 4E1 and F1).

In general, our immunofluorescence data confirms our
western blotting data, illustrating that the SVZ decreased
PCNA and Ki67 expression in the endothelial and neuronal
compartments in KO samples, respectively. Similarly, YAP
and Survivin expression were also decreased in the endothelial
and neuronal compartments in KO samples. Last, increased
cleaved caspase-3 expression was noted in both the endothelial
and neuronal compartments of SVZ tissues in KO samples.

HIF-1a EC-KO Hippocampal Dentate Gyrus Tissues
Exhibit the Absence of Vascular HIF-1a Expression and
Decreased Ki67 Expression Compared with WT-Derived
Hippocampal Tissues
Immunofluorescence examination of the dentate gyrus of P20
WT and KO pups reared under Nx and Hx conditions
revealed an absence of vascular HIF-1a expression in the KO
Nx and Hx tissues (Figures 5a—d and Figures 5c and d),
compared with the robust vascular pattern staining in Nx WT
tissue (Figure 5a, green fluorescence). HIF-1a expression in
Hx WT tissue was present, but diminished compared with the
Nx WT expression (compare Figures 5a and b). DCX staining
marks the granular layer (Figures 5a—d, red fluorescence).
Proliferation in the dentate gyrus at P20 was assessed using
Ki67 labeling (red fluorescence) and DAPI staining to
demarcate granular cell nuclei (blue fluorescence). GFAP-
expressing cells were noted by green fluorescence. Markedly
decreased proliferation was noted in the granular layer in Hx
WT tissue (Figure 5f) compared with that noted in Nx WT
tissues (Figure 5e). In contrast, no detectable Ki67 labeling
was noted in Nx KO and Hx KO (Figures 5g and h). These
differences were confirmed by quantitation of the areas (in
pixels) of Ki67-positive cells assessed at P10 (micrographs not
shown) (Figure 5i) and P20 (Figure 5j).

The analysis of the dentate gyrus, the other known
neurogenic zone of the brain, allowed for confirmation of
our findings in the SVZ.

Behavioral Studies of HIF-1a EC-KO Pups

When open field activities were assessed at P20 comparing
KO and WT pups with males and females grouped together,
no statistically significant differences in total distance,
distance/move, mean velocity, rest time, margin distance,
margin time, center distance, and center time were observed
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(data not shown). However, when male and female pups were =~ HIF-la EC-KO male pups reared under Nx conditions
examined separately and compared, several statistically exhibited increased center time (Figure 6a), center distance
significant differences were noted (Figures 6a—h). Specifically, ~ (Figure 6b) and decreased margin distance (Figure 6¢) and
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Figure 5 HIF-1a EC-KO dentate gyrus tissues exhibit absence of vascular HIF-1a expression and decreased Ki67 expression compared with WT-derived
hippocampal tissues. Immunofluorescence labeling of hippocampal tissues of WT and KO P20 pups reared under normoxic (Nx) and hypoxic (Hx)
conditions revealed an absence of vascular HIF-1a expression in KO tissues and significant reduction in Ki67 expression in the granular layer of the dentate
gyrus (DG). (@) WT Nx, (b) WT Hx, (c) KO Nx, and (d) KO Hx. HIF-1a=green fluorescence; doublecortin (DCX) =red fluorescence. (e) WT Nx; (f) WT Hx, (g) KO
E Nx, and (h) KO Hx. GFAP = green fluorescence; Ki67 =red fluorescence; DAPI = blue fluorescence. (i and j) Quantitation of the areas (in pixels) of
Ki67-positive cells assessed at P10 (i) and P20 (j). Horizontal lines denote statistical significance with P-values of <0.05, n=3. DAPI, 4',6-diamidino-
2-phenylindole; GFAP, glial fibrillary acidic protein; HIF-1a, hypoxia-inducible factor 1-a, KO, knockout; SVZ, subventricular zone; WT, wild type.
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Figure 6 Behavior studies performed at P20 (open field activity test) reveal statistically significant differences in wild-type (WT) and knockout (KO) mice
in a gender-specific manner. Thirty-seven male and female P20 pups (20 HIF-1a EC-KO and 17 WT C57BL/6 littermate pups, comprised of 18 normoxic
(Nx)-reared and 19 hypoxic (Hx)-reared pups totaling 17 males—8 Nx and 9 Hx males (black boxes) and 20 females—10 Hx and 10 Nx females (white
boxes) were evaluated for spontaneous open field behavior (a—d). (a) Average center (Ave Ctr) times, (b) average center distances (Ave Ctr Dist), (c)
average (Ave) margin times, and (d) average margin distances of Nx KO males (Nx KO M) and Nx KO females (Nx KO F) illustrating the decreased center
times and distances of the KO female pups (a and b) and the reciprocal increased margin times and margin distances of the females (c and d)
compared with males. (e-h) (e) Average center times, (f) average center distances, and (g) average margin times of Nx WT females (Nx WT F) and Nx
KO females (Nx KO F) illustrating the decreased center times and distances of the KO female pups (e and f) and the reciprocal increased margin times
and distances of the KO females (g) compared with WT females. (h) Average center time of Nx WT males (Nx WT M) and Nx KO males (Nx KO M)
illustrating the decreased center times of the KO males, which are in contrast to the Nx WT and KO females (e). Each group was comprised of at least
three and no more than 10 pups. Horizontal lines denote statistical significance with P-values of <0.05.

margin time (Figure 6d), compared with their KO female studies, we demonstrated that NPC establish intimate
littermates. contacts with EC and elicit robust vascular tube formation

When WT and HIF-la& EC-KO female pups were and maintenance mediated by induction of vascular VEGF
compared under Nx conditions, WT female pups exhibited ~and BDNF by NPC NO. In turn, the VEGF and BDNF
increased average center times (Figure 6e) and average center  activate EC and NPC VEGFR2 and TrkB. The NPC respond
distances (Figure 6f) and decreased average margin times to VEGF and BDNF with increased proliferation and
(Figure 6g), compared with HIF-la KO female pups. In  activation of eNOS and generation of NO consistent with
contrast, when WT and HIF-la EC-KO male pups were an inducible feedback signaling loop between the EC and
compared under Nx conditions, WT male pups exhibited NPC.!'1!®17 Later studies expanded our appreciation of the
decreased average center times compared with male HIF-la  growth factors and signaling pathways involved in modulating
KO pups (Figure 6h). Additionally, a comparison of the  the behaviors of these neurogenic zones.>>1%1217:24 Selected
average center times of Nx WT females and males also  transcription factors (HIF-1a), enzymes that regulate HIF-1a
revealed differences, with the Nx WT females having activity (PHD2), and additional growth factors including
9.2+4.9 s of center time, whereas the Nx WT males exhibited  SDF-1 and its receptor CXCR4 were shown to be involved as
1.6 0.6 s of center time with a P=0.038. well as components of the PI3K pathway including Akt,

These studies illustrate the gender-specific effects of the mTOR, p-p70, p-EIf4E, and p-4E-BP1.23 Further investiga-
presence and absence of EC HIF-1a on specific behaviors in  tjons confirmed a role of GSK-3f as an important signaling

C57BL/6 mice. node in the modulation of the EC and NPC comprising the
neurovascular niche.!? In recent studies, we have discovered
DISCUSSION that a Sox family member, Sox 10, has an important role in

EC—neural precursor interactions in the neurogenic zones of ~ the development, maintenance, and responsiveness of the
the brain (the SVZ and the hippocampus)—have been a topic ~ SVZ, regulating a number of genes that in turn are involved in
of interest for several years, being investigated in a wide range ~ NPC biology.!%?* Sox 10 was found to be upstream of HIF-1a
of species using a plethora of techniques.!'*31=35 For the and several growth factors and proteins were known to be
past several years, we have been investigating selected aspects  involved in endothelial and neural cell behaviors. Our in vitro
of endothelial-neuronal precursor interactions using both  data correlated well with our in vivo studies in which the
in vitro and in vivo murine models. In a series of in vitro  biochemical data was in good agreement with our tissue
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Figure 7 Schematic representation of our proposed model of dynamic
signaling between the microvasculature and neuronal precursors resident
in the subventricular zone (SVZ) and dentate gyrus (DG). (a and b)
Representative high-power immunofluorescence micrographs illustrating
the intimate relationships between the microvasculature (EC) and
neuronal precursors (NPC) in the subventricular zone (SVZ) (a) and the
dentate gyrus (DG) (b). Endothelial cells=CD31-positive Red fluorescence;
neuronal precursors = Nestin-positive—green fluorescence. (c) Schematic
depicting hypoxia-driven hypoxia-inducible factor 1-a (HIF-1a)-mediated
signaling in the SVZ and DG niches involving induction of HIF-1a, HIF-2q,
and downstream factors and their pathway components (listed in

Figure 4), affecting both neural stem cells (NSCs) and ECs (denoted by
solid green arrows and bold type) in autocrine and paracrine receptor-
mediated pathways. (d) Schematic depicting hypoxia-driven HIF-1a-
mediated signaling in the SVZ and DG niches in the absence of HIF-1a
illustrating the effects of the absence of EC HIF-1a on downstream factors
and their pathway components (listed in Figure 4), affecting both NSCs
and ECs (denoted by dashed green arrows and plain type) in autocrine
and paracrine receptor-mediated pathways. The schemes represented in
panels (c and d) were generated from data presented in this study and
previous studies.2>'%"'22* BDNF, brain-derived neurotrophic factor; DG,
dentate gyrus; EC, endothelial cell; EPO, eythropoietin; HIF-1a, hypoxia-
inducible factor 1-a; KO, knockout; NO, nitric oxide; SVZ, subventricular
zone; VEGF, vascular endothelial growth factor; WT, wild type.

culture data and both were consistent with our behavioral
data.>310.1518.24 Interestingly, we noted significant strain
differences in our comparisons of C57BL/6 and CD1 mice
mimicking the range of responsiveness and recovery from Hx
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insult in the very premature.>® To further study the
importance of endothelial HIF-1er in the poor responding
premature newborn, we elected to study its role in the
recovery process in C57BL/6 pups, being a strain that exhibits
a poor Sox 10/HIF-1le response to Hx insult compared with
the CDI1’s robust response.>>»1%1224 Our current data
illustrates that conditions which result in either decrease
(Hx insult) and/or loss (HIF-la EC KO) of HIF-la in
C57BL/6 pups elicit similar responses in proliferation
(decrease) and apoptosis (increase) of endothelial and
neuronal cell populations in the SVZ.

C57BL/6 HIF-1a EC-KO mice have been previously used
to investigate the roles of EC HIF-1e in the responsiveness of
a variety of organs and tissues to the Hx environment.?®36=40
The C57BL/6 HIF-1a EC-KO mice that were generated were
devoid of endothelial HIF-1a expression and the KO EC
exhibited decreased expression of BDNF, eNOS, p-Akt,
inactive GSK-3f and increased serine phosphorylated f-
catenin, consistent with the decreased proliferation rate and
increased apoptosis observed in the SVZ and DG of KO
animals.

Western blot analysis of ECs derived from HIF-1a EC-KO
mice revealed decreased HIF-2a expression in both Nx and
reduced O, conditions. Studies have demonstrated that in
ECs tested, HIF-1a and HIF-2a have complex, complemen-
tary, non-overlapping functions in angiogenesis.*!™*> In
recent studies, investigators have documented differential
regulation of HIF-a subunits in macrophages and PC12 cells
driven by hypoxia and redox balance.**™* Our finding of
decreased HIF-2a expression in HIF-1a KO EC suggests that
there may be a regulation of HIF-a isoforms, possibly
mediated via modulation of HIF-a subunit specificities of
prolyl hydroxylases.>

Further, western blotting data of lysates of SVZ tissues of
KO animals exhibited decreased Sox 10 and 2, EPO, and
BDNF, consistent with decreased p-Akt, inactive GSK-3/3, and
increased SP-p-catenin. These changes denote reductions in
signaling pathways, resulting in decreased proliferation and
increased apoptosis as evidenced by decreased TrkB, cleaved
Notch 1, phospho-eNOS, PCNA, and Survivin, YAP, Grp124,
and CD31 and increased cleaved caspase-3. These biochem-
ical changes were confirmed by immunofluorescence micro-
scopy data illustrating SVZ tissue expression of PCNA, Ki67,
YAP Survivin, and cleaved caspase-3 in EC and NPC. Last, the
absence of EC HIF-la in the DG was confirmed by
immunofluorescence as was its correlation with a loss of
granular cell proliferation in the granular zone of the DG.

These findings illustrate the importance of EC HIF-1a in
the response to and recovery from sublethal chronic hypoxia
and the roles the SVZ and DG ECs have in not only EC
responses but also in the responses of SVZ and DG neuronal
precursor cells to Hx insults. Thus, we postulate that SVZ and
DG endothelial responsiveness to Hx insult not only affects
the resident microvasculature but also has significant effects
on resident neuronal precursors, which in turn may have
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profound effects on cognitive and motor function. Specifi-
cally, as illustrated in Figure 7, in WT Hx conditions
hypoxia-driven HIF-ler mediates signaling in the SVZ and
DG niches involving induction of Sox 10, HIF-1a, HIF-2a,
and downstream factors and their pathway components,
affecting both NSCs and ECs (denoted by solid green
arrows and bold type) in autocrine and paracrine receptor-
mediated pathways. In contrast, in HIF-la EC-KO mice,
hypoxia-driven HIF-la-mediated signaling in the SVZ and
DG niches is absent, affecting the induction of downstream
factors and their pathway components, which in turn
affect both NSCs and ECs (denoted by dashed green arrows
and plain type) autocrine and paracrine receptor-mediated
pathways.

Consistent with our biochemical and immunofluorescence
data and analyses, the results of the open field activity tests
illustrate that there are gender differences in the response to
Hx insult with the loss of EC HIF-la compared with WT
littermate pups. In previous studies, we had restricted our
behavioral studies to males. However, in light of recent
studies documenting sex differences in the response to
treatments in premature newborns in which investigators
documented an increased incidence, injury, and death in
premature males compared with premature females of the
same gestational age, as well as differences in the prevalence of
cognitive, neurologic, and behavioral deficits in boys and girls
born extremely premature when examined at 10 years of age
(with boys having higher prevalences of these deficits),!=>°
and mixed results in Fragile X studies,”””® we decided to
assess the responses of both males and females. Our data are
consistent with the concept that males and females exhibit
different behaviors, with Nx KO males exhibiting increased
center time and center distance compared with female
littermates, suggesting differences in anxiety levels. Interest-
ingly, comparing Nx WT females with males, we noted
increased center time in Nx WT females, whereas Nx WT
males exhibited decreased center time. These data suggest that
while Nx WT females are less anxious than their Nx WT male
littermates, under HIF-1la EC-KO conditions, males appear
less anxious than their littermate females, suggesting the
possibility of differential signaling pathway(s) component
expression levels and engagement(s) in males and females,
resulting in differential behavioral outcomes.

These studies demonstrate the important effect of EC
HIF-1a modulating the proliferative and apoptotic behaviors
of EC and NPC in the neurogenic regions of the brain and
the sex-specific behavioral responses of these mice in Nx and
Hx settings. Further, these studies underscore the importance
of taking into account sex-specific responses in the design,
treatment and evaluation of animal models and patients
following injury, during treatment, and in assessing
outcomes.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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