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(atrial NP), BNP (brain NP), and CNP (C-type

NP) that bind 3 membrane-bound receptors. The
NPR-A (NP receptor-A or guanylyl cyclase-A) and the
NPR-B (NP receptor-B or guanylyl cyclase-B) both
increase cyclic GMP (cGMP) to activate PKG (cGMP-
dependent protein kinase) and stimulate downstream
effectors involved in cell growth, apoptosis, prolifera-
tion, and inflammation." The NPR-C (NP receptor-C
or clearance receptor) is coupled to a Gi (inhibitory G
protein) and stimulates ERK (extracellular signal-reg-
ulated kinase)-1/2 and Akt (protein kinase B) to pro-
mote endothelial proliferation, migration, and survival.!
Over the last decade, numerous studies have provided
compelling evidence for a putative role of these 3
structurally similar natriuretic hormones in controlling
vascular function? ANP and BNP are predominantly
secreted into the circulation from cardiomyocytes in
response to stretching of the myocardium. These pep-
tides induce a decrease in vascular tone, an immedi-
ate increase in electrolyte and water excretion via the
kidney, and antifibrotic and antihypertrophic effects in
the heart, all of which functionally antagonize the renin-
angiotensin-aldosterone system.® In contrast, endothe-
lium-derived CNP plays a pivotal role in angiogenesis
and vascular remodeling after ischemia via specific
activation of NPR-C, Gi stimulation, and ERK1/2 and
Akt phosphorylation.* The presence of all 3 hormones
and their cognate receptors within the human retina
is thought to facilitate a local system of NP regulation
of neural and vascular components to maintain both
nerve and vessel integrity.>®

The NP (natriuretic peptide) family includes ANP

See accompanying article on page 159

Pathological blood vessel formation (neovasculariza-
tion) within the retina poses a significant threat to nor-
mal vision. Angiogenesis, essential for both physiological
vascular development and pathological neovascular-
ization, occurs as endothelial cells proliferate and form
new blood vessels in response to guidance cues and
angiogenic factors/inhibitors. Pathological angiogenesis
is associated with many diseases, including cancer, car-
diovascular disease, neurodegeneration, and proliferative
retinopathies.” Within the eye, neovascularization is char-
acterized by leaky tuft-like vessels and associated with
retinal exudates and hemorrhage, culminating in retinal
damage and detachment? It occurs in a broad spectrum
of eye disorders, such as retinopathy of prematurity, pro-
liferative diabetic retinopathy (PDR), neovascular age-
related macular degeneration, neovascular glaucoma,
and corneal neovascularization.” The pathophysiological
similarities between PDR and retinopathy of prematu-
rity suggest that progressive vessel loss as a result of
increased oxygen may underlie the subsequent hyper-
secretion of VEGF (vascular endothelial growth factor).
Moreover, these changes are associated with inflamma-
tory infiltration and formation of neovascular tufts leading
to visual impairment.'®'" While a role of the NPR-A sys-
tem in the stimulation of postischemic neovascularization
following cardiac hypertrophy and hindlimb ischemia has
been reported,'? the definitive role of specific NP recep-
tors as stress-responsive regulators of angiogenesis and
neovascularization in the retina remains unclear.

The recent publication by Spes et al'® in this issue of
ATVB addresses the specific role of ANP/BNP in dic-
tating physiological and pathophysiological neovascu-
larization typical of PDR and retinopathy of prematurity
phenotypes. While a role for NPs as potent modulators
of VEGF-induced vascular leakage and angiogenesis in
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vivo is clear,'* the target cells that mediated this response
remain unknown. This study is the first to demonstrate
that endogenous NPs exert a protective effect on the
retinal vasculature primarily through retinal pericytes. This
effect significantly improves developmental vasculariza-
tion and attenuates pathological ischemia-driven ocular
neovascularization. Using oxygen-induced retinopathy
as a model of proliferative retinopathy, the authors dem-
onstrate enhanced pathological neovascularization fol-
lowing the global deletion of the NPR-A receptor.”® The
authors then used transgenic mice with restricted dele-
tions of NPR-A in either endothelial cells, pericytes, or
astrocytes using floxed NPR-A mice interbred with Tie2-
Cre (tyrosine-protein kinase receptor-driven Cre recombi-
nase), GFAP-Cre (glial fibrillary acidic protein-driven Cre
recombinase), or PDGF-RB-CreERT2 (platelet-derived
growth factor beta receptor-driven tamoxifen-dependent
Cre recombinases) lines, respectively, to reveal further
the various cell types involved. Parallel in vitro studies
on cultured pericytes and astrocytes from these animals
revealed the potential mechanism(s) involved.

In murine hypertrophic heart and hindlimb models of
neovascularization, NPs (in particular, BNP) produced
by activated satellite cells regulate the regeneration
of neighboring endothelial cells via NPR-A. This para-
crine communication was thought critical in coordinating
muscle regeneration/hypertrophy and angiogenesis.”
Surprisingly, in the current study, specific NPR-A dele-
tion in retinal endothelial cells failed to impact retinal
vascular development and pathological neovasculariza-
tion. Similarly, in mice lacking NPR-A signaling in retinal
astrocytes, vascular development and hyperoxia-driven
vascular regression remained unaltered with ischemia-
induced neovascularization modestly increased.”® In
contrast, when the NPR-A was deleted in pericytes, phys-
iological retinal vascularization was reduced concomitant
with enhanced pericyte cell apoptosis, vascular regres-
sion, and subsequent neovascularization.” Follow-up in
vitro studies revealed that NP/NPR-A/cGMP signaling
also inhibited TGF-B1 (transforming growth factor-f1)-
induced pericyte loss and hypoxia-induced VEGF secre-
tion from astrocytes.'”® Collectively, these data reaffirm
the putative role of NPs in regulating retinal microvascu-
lature following oxygen-induced retinopathy. As a simi-
lar process prevails in several proliferative retinopathies,
augmentation of endogenous NP/NPR-A/cGMP sig-
naling may represent a novel therapeutic target for com-
bating retinopathies associated with neovascularization.

Several different functions assigned to pericytes
include (1) angiogenesis and vessel stabilization, (2)
blood flow regulation and neurovascular coupling, and
(3) regulation of the blood-brain barrier and blood-retinal
barrier.” They also possess a multipotent differentiation
capacity akin to mesenchymal stem cells. However, sev-
eral reports using lineage tracing analysis demonstrate
that they may not behave as tissue-specific progenitors in
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various organs, despite showing mesenchymal stem cell
potential in vitro."® The evidence that NPs regulate retinal
(neo)angiogenesis is compelling.'®'*' During early retinal
disease, pericyte apoptosis is a major contributor to micro-
vascular endothelial dysfunction and leakage.!” Hypoxia
then drives VEGF secretion from astrocytes and patho-
logical neoangiogenesis.'® The NPR-A/cGMP receptor is
expressed in both vascular and perivascular cell types of
the retina (such as endothelial cells, pericytes, and astro-
cytes), but the functional significance is unknown until
now. While NPs, via cGMP, have cytoprotective actions in
various types of cells, no reports reveal whether and how
these hormones may modulate pericyte viability. In the cur-
rent study, Spes et al report that NPs, via NPR-A, enhance
cGMP levels and cGKI (cGMP-dependent protein kinase
) activity in cultured pericytes. This leads to the phosphor-
ylation of Akt and the expression of the antiapoptotic pro-
tein Bcl-2 (B-cell lymphoma 2).'® Bcl-2 is a well-defined
mechanism of survival for many cell types and known to
reduce the level of cleaved caspase 3 and apoptosis.’ It
is notable that in the current model of hyperoxia-driven
retinal cell apoptosis, loss of pericytes, vascular regres-
sion, and enhanced formation of neovascular tufts were all
significantly enhanced in pericyte GC-A (guanylyl cyclase
A) knockout mice and following global NPR-A deletion.®

The proposed model is that NPR-A/cGMP signal-
ing exerts local protective effects through inhibition of
stress-induced pericyte apoptosis and reduction of the
hypoxic induction of VEGF in astrocytes (Figure). While
the source of the specific NPs (ANP or BNP) was not
addressed, it is clear that endogenous NPs attenuate
vascular regression in murine models of proliferative
retinopathy.'®'4® Whether the antiapoptotic effects of
NPs in cultured pericytes in vitro are mirrored in NPR-A
knockout mice in vivo remains unclear. Moreover, the
fate of additional cell type(s) due to apoptosis in NPR-A
knockout mice remains unresolved.

Despite the compelling evidence for a significant
role of the NPR-A receptor in protecting pericytes from
apoptosis under pathological conditions, the potential
role of the NPR-C or CNP cannot be ruled out. Indeed,
endothelial cells, astrocytes, and pericytes all express
the NPR-C, which is fundamental to endothelial signal-
ing.* Previous studies have reported significant in vitro
angiogenic activity of CNP in pulmonary microvascular
endothelial cells, human umbilical vein endothelial cells,
and aortic rings isolated from wild-type, endothelium-
specific CNP~7, the global NPR-B™~, and NPR-C~~
transgenic mice. The proangiogenic effect of CNP/
NPR-C is dependent on activation of Gi, ERK1/2, and
phosphoinositide 3-kinase-y/Akt at a molecular level.*
Indeed, vascular ischemia is associated with reduced lev-
els of CNP and its cognate NPR-C receptor.?® Genetic or
pharmacological inhibition of CNP and NPR-C, but not
NPR-B, reduces the angiogenic potential of pulmonary
microvascular endothelial cells, human umbilical vein
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Figure. Schematic showing pathological retinal neovascularization typical of proliferative diabetic retinopathy (PDR) and

retinopathy of prematurity (ROP).

Oxidative stress and inflammation lead to accelerated death of retinal microvascular cells (pericytes and endothelial cells). This leads to
development of acellular capillaries and retinal ischemia that triggers upregulation of VEGF (vascular endothelial growth factor) expression
leading to retinal neovascularization. Natriuretic peptides, via NPR-A (natriuretic peptide receptor-A) cyclic GMP (cGMP) signaling, exert
local protective effects on the retinal microcirculation through inhibition of stress-evoked pericyte apoptosis and reduction of the hypoxic
induction of VEGF in astrocytes.'® Endogenously formed ANP (atrial natriuretic peptide) or BNP (brain natriuretic peptide) may attenuate
vascular regression and subsequent neovascularization in proliferative retinopathy. The clearance natriuretic peptide CNP (C-type natriuretic
peptide) has also been implicated in angiogenesis and vascular remodeling after ischemia via specific activation of NPR-C (natriuretic peptide
receptor-C), Gi protein stimulation, and triggering of ERK (extracellular signal-regulated kinase)-1/2 and PI3Ky (phosphoinositide 3-kinase-y)/
Akt (protein kinase B) phosphorylation.?> BRB indicates blood-retinal barrier; and cGKI, cGMP-dependent protein kinase .

endothelial cells, and isolated vessels ex vivo. Angiogen-
esis and remodeling are both impaired in vivo in endothe-
lium-specific CNP~~ and NPR-C~~, but not NPR-B™,
mice. Moreover, this pathological phenotype associ-
ated with endothelial CNP~~ mice, but not the NPR-
C~~ mice, is rescued by pharmacological administration
of CNP2° Hence, there may exist an additional central
pathophysiological role for CNP and its receptor NPR-C
(in addition to ANP/BNP) in retinal neovascularization
following oxygen-induced retinopathy that merits exami-
nation in mediating some of the retinopathies typical of
PDR and retinopathy of prematurity.
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In conclusion, it is clear from the study by Spes
et al,’® in this issue of ATVB, that under pathologi-
cal conditions, NP/NPR-A/cGMP signaling protects
pericytes from apoptosis and diminishes astrocyte
hypersecretion of VEGF, thereby attenuating retinal
vascular regression and subsequent neovasculariza-
tion. It is noteworthy that a pivotal relationship exists
between NPR-A and VEGF in the regulation of angio-
genesis. VEGF inhibits NP secretion from endothelial
cells whereas CNPs (and other NPs) inhibit VEGF pro-
duction.’®?" Whether this represents communication
between parallel pathways is unclear, but a mechanism
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involving TGF-B1 signaling is implicated as both NPs
and VEGF have TGF-1-responsive promoters.?? This
study proposes a novel paradigm that diminished local
NP/cGMP signaling participates in the pathophysiol-
ogy of retinal proliferative retinopathies through peri-
cyte and astrocyte dysfunctionality. Future preclinical
studies are required to assess whether significant
clinical benefit may arise from augmentation of endog-
enous ANP/BNP signaling to reduce pericyte loss,
vascular regression, and astrocyte VEGF overproduc-
tion in early stages of PDR and other forms of prolif-
erative retinopathy.
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