o
&
S
&
<
S
8
&
£
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
B
8
k-l
8
S
=
H
8
a

CrossMark
& click for updates

Bioelectric impact of pathological angiogenesis on

vascular function

Donald G. Puro®?, Ryohsuke Kohmoto?, Yasushi Fujita?®, Thomas W. Gardner®?, and Dolly A. Padovani-Claudio®

2Department of Ophthalmology and Visual Sciences, University of Michigan, Ann Arbor, MI 48105; and PDepartment of Molecular and Integrative

Physiology, University of Michigan, Ann Arbor, M| 48105

Edited by John E. Dowling, Harvard University, Cambridge, MA, and approved June 30, 2016 (received for review March 22, 2016)

Pathological angiogenesis, as seen in many inflammatory, immune,
malignant, and ischemic disorders, remains an immense health
burden despite new molecular therapies. It is likely that further
therapeutic progress requires a better understanding of neovas-
cular pathophysiology. Surprisingly, even though transmembrane
voltage is well known to regulate vascular function, no previous
bioelectric analysis of pathological angiogenesis has been reported.
Using the perforated-patch technique to measure vascular voltages
in human retinal neovascular specimens and rodent models of
retinal neovascularization, we discovered that pathological neo-
vessels generate extraordinarily high voltage. Electrophysiological
experiments demonstrated that voltage from aberrantly located
preretinal neovascular complexes is transmitted into the intraretinal
vascular network. With extensive neovascularization, this voltage
input is substantial and boosts the membrane potential of intra-
retinal blood vessels to a suprahyperpolarized level. Coincident with
this suprahyperpolarization, the vasomotor response to hypoxia is
fundamentally altered. Instead of the compensatory dilation ob-
served in the normal retina, arterioles constrict in response to an
oxygen deficiency. This anomalous vasoconstriction, which would
potentiate hypoxia, raises the possibility that the bioelectric impact
of neovascularization on vascular function is a previously unappre-
ciated pathophysiological mechanism to sustain hypoxia-driven
angiogenesis.

neovascularization | proliferative retinopathy | retinopathy of prematurity |
proliferative diabetic retinopathy | retina

he abnormal growth of blood vessels is a key pathophysio-

logical feature of numerous disorders, including tumorigene-
sis, arthritis, endometriosis, and retinopathies. Despite substantial
progress from studies of patients and animal models, abnormal
neovascularization remains a common threat to health and well-
being. To help address this challenge, we devised a unique
experimental approach to better understand neovascular patho-
physiology. Because almost nothing is known about the electro-
genic profile of neovascular complexes and how these complexes
functionally interact with their parent vessels, we focused on the
bioelectric features of neovascularization. These gaps in knowl-
edge are surprising, considering that it is well established that the
transmembrane voltage of vascular cells (1), as well as electrotonic
cell-cell interactions within a vascular network (2-4), play vital
roles in regulating blood flow.

In this electrophysiological analysis of pathological angiogen-
esis, we focused on abnormal vasoproliferation in rodent and
human retinas. For multiple reasons, the retina is an ideal tissue
for this undertaking. First is its clinical importance. Retinal
vasoproliferation is the major cause of blindness in prematurely
born infants (retinopathy of prematurity) and persons with dia-
betes (proliferative diabetic retinopathy) and sickle cell disease
(sickle cell retinopathy). The hallmark of these disorders is ab-
normal growth of new blood vessels (neovessels) triggered by
failure of the retinal vasculature to adequately supply oxygen and
nutrients. Unfortunately, rather than improving the metabolic
status, neovessels sprouting from the retinal vasculature extend
aberrantly onto the surface of the retina, where they form pre-
retinal neovascular complexes, which have a propensity to bleed
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and to detach the underlying retina, profoundly interfering with
visual function.

A second reason for studying pathological angiogenesis in the
retina is the availability of well-characterized rat and mouse
models of retinal neovascularization (5-7). In the most com-
monly used rodent models, experimental alteration of the am-
bient oxygen level in early postnatal life disrupts retinal vascular
development, resulting in the growth of neovessels onto the retinal
surface, where blood vessels are never found under physiological
conditions. The clinical relevance of these models is supported by
the similarity of their preretinal neovascular complexes with those
observed in infants with retinopathy of prematurity (ROP) (8).
Of practical importance, the preretinal location of pathological
neovascular complexes makes them relatively easy targets for
electrophysiological recording.

A third experimental advantage is the ability to maintain rodent
retinas ex vivo for many hours. Finally, the retina is an excellent
tissue for beginning an exploration of the bioelectric impact of
pathological angiogenesis because we can obtain electrophysi-
ological recordings not only from rodent models, but also from
human neovascular specimens excised during surgery for sight-
threatening complications of proliferative diabetic retinopathy.

In this study, our perforated-patch recordings revealed that
aberrant preretinal neovascular complexes generate extraordi-
narily high voltage. Owing to the bioelectric interactions between
tufts of neovessels and the intraretinal parent vasculature, hyper-
polarizing voltage is transmitted into the retinovascular network.
When the number of neovascular complexes is abundant, this
voltage input is substantial and boosts the membrane potential of
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retinal blood vessels to a suprahyperpolarized level. Associated
with suprahyperpolarization, the vasomotor response to hypoxia is
fundamentally altered. Instead of the compensatory vasodilation
observed in normal retina, hypoxia triggers arterioles to constrict.
Because this anomalous vasoconstriction would delimit oxygen
delivery to the hypoxic sites of vasoproliferation, the bioelectric
impact of pathological angiogenesis on vascular function may
serve to sustain hypoxia-driven neovascularization.

Results

Vascular Suprahyperpolarization in Pathological Angiogenesis. In
initial experiments using the rat ROP model of Penn and co-
workers (5), we measured vascular voltages in ex vivo retinas of
postnatal day (P) 17-P20 pups. At this age, there was robust vas-
oproliferation in the context of an experimentally-induced retar-
dation of retinal vascularization (Fig. 14 and Fig. S1 4 and B).
Perforated-patch recordings revealed that pathological neovascular
complexes aberrantly located on the retinal surface had an ex-
traordinarily high mean resting membrane potential of —95 + 8§ mV
(range, —83 to —110 mV; median, —-94 mV; n = 23) (Fig. 1B).

In addition, we found that intraretinal blood vessels located
beneath clusters of preretinal neovascular complexes were also
extremely hyperpolarized in P17-P20 ROP retinas. Using pipettes
sealed onto abluminal mural cells located on the outer walls of
arterioles with diameters of 10-20 pm, we measured a mean
membrane potential of —92 + 6 mV (range, —75 to —103 mV;
median, —92 mV; n = 16) (Fig. 1C). This suprahyperpolarization
contrasts sharply with the mean membrane potential of —50 +
6 mV (range, —41 to —60 mV; median, =51 mV; n = 14; P <
0.0001) recorded in arterioles located within ex vivo retinas of
age-matched control rats (Fig. 1D).

To bolster the experimental support for suprahyperpolarization
being a bioelectric feature of pathological retinal angiogenesis,
we measured vascular voltages in another animal model, oxygen-
induced retinopathy (OIR) in mice (6). In ex vivo retinas at P16—
P18 (the period of abundant neovascularization in this model),
the mean membrane potentials of preretinal neovascular com-
plexes and intraretinal vessels were —87 = 5 mV (range, —80 to
—95 mV; median, —-86 mV; n = 9) and -84 + 8 mV (range, —68
to —92 mV; median, —83 mV; n = 8), respectively. In contrast,
the mean resting membrane potential of blood vessels within
age-matched ex vivo control mouse retinas was —62 + 15 mV
(range, —40 to —84 mV; median, —57 mV; n = 13; P < 0.0012).

Having found extremely high voltages in the two most com-
monly studied animal models of retinal neovascularization, we

A

P20 ROP control

Pre-retinal neovessels

then asked whether suprahyperpolarization is also a feature
of pathological retinal angiogenesis in humans. To address this
question, we obtained perforated-patch recordings from blood
vessels within preretinal complexes freshly excised from adult
patients undergoing surgery for complications of proliferative di-
abetic retinopathy (Fig. 2). In these surgical specimens, the mean
vascular voltage was —100 + 7 mV (range, —89 to —108 mV;
median, —101 mV; n = 5 recordings from 4 specimens). Although
limited by the uncommon availability of appropriate surgical tis-
sue, these recordings support the pathophysiological concept that
suprahyperpolarization is a bioelectric characteristic of patholog-
ical retinal angiogenesis in humans and rodents. Furthermore,
suprahyperpolarization is a feature of neovascular complexes in
mature as well as developing retinas.

Impact of Neovascular Regression on Suprahyperpolarization. In
additional experiments using the rat ROP model, we extended the
age range studied to ascertain whether suprahyperpolarization per-
sists as neovascular complexes regress spontaneously. Neovascular
regression is common in human ROP and commences in the rat
model during the fourth postnatal week when the peripheral retina
becomes vascularized (Fig. S1 4 and B). As shown in Fig. 1B, re-
sidual preretinal neovascular complexes remain suprahyperpolarized
through at least P60 despite extensive neovascular regression (Fig.
S1 B and C). In contrast to the persistent suprahyperpolarization of
neovascular complexes, the membrane potential of blood vessels
within ROP retinas decreases markedly after ~P30 (Fig. 1C) to
voltages similar to those of control retinas (Fig. 1D).

The observation that after P30, preretinal neovascular com-
plexes remain suprahyperpolarized while the intraretinal vascu-
lature depolarizes (Fig. 1 B and C) indicates that neovascular
suprahyperpolarization is not dependent on voltage generated by
intraretinal vessels. Additional strong evidence that neovascular
suprahyperpolarization is not dependent on voltage derived from
the retinovasculature is the previously noted finding that path-
ological neovascular complexes excised from the surface of hu-
man retinas exhibit an extremely high membrane potential of
—100 mV. Thus, we conclude that suprahyperpolarization is an
intrinsic bioelectric feature of pathological preretinal neovessels.

Neovascular-Driven Suprahyperpolarization. To guide further ex-
perimentation, we formulated a bioelectric model based on the
working hypothesis that intrinsically suprahyperpolarized preretinal
neovessels electrotonically transmit voltage to underlying parent
intraretinal vessels. This model predicts that when neovascular
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Fig. 1. Vascular voltages in ex vivo retinas of P17 to P60 ROP and control rats. (A) Ex vivo retinas stained with the endothelial marker isolectin GS-IB,. (Left) A

P20 ROP retina with preretinal neovascular complexes in the periphery. (Center) Preretinal neovascular complexes shown at higher magnification. The lower
panel is a confocal image with an arrow showing the lumen linking the neovascular tuft with its parent vessel. (Right) Control rat retina. (B) Resting
membrane potentials of preretinal neovascular complexes in rat ROP retinas. (Inset) Image of an ex vivo P19 ROP retina in which a perforated-patch pipette
was sealed onto the preretinal neovascular tuft. (C) Voltages of arterioles located in the superficial vascular layer beneath preretinal neovascular complexes
of ROP retinas. (D) Arteriolar voltages in the superficial vascular layer of control retinas.
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Fig. 2. Images of preretinal neovascular complexes excised from adult diabetic
patients. Voltages were —104 mV in A, -89 mV in B, and —101 mV in C. Unlike
the neovascular complexes of the rodent models, the surgical specimens had
extensive fibrosis and had been in eyes that had received laser-induced retinal
ablation and, in most cases, anti-vascular endothelial growth factor molecules.
Despite these differences, suprahyperpolarization is a bioelectric feature of
human, as well as rodent, retinal neovascularization. (Scale bars: 25 pm.)

complexes are relatively abundant, the input of neovessel-generated
voltage can boost the retinovasculature’s membrane potential to a
suprahyperpolarized level. Conversely, when neovessels are sparse,
their impact on the voltage of intraretinal vessels is minimal.

An essential feature of our interactive bioelectric model for
pathological angiogenesis is that preretinal and intraretinal ves-
sels are electrotonically coupled. To definitively demonstrate this
coupling, we obtained simultaneous dual perforated-patch re-
cordings from preretinal neovascular complexes and underlying
parent vessels in ex vivo ROP retinas (Fig. 34). In each of four
successful dual recordings, the injection of a voltage-changing
current via one of the recording pipettes resulted in a change in
the membrane potential at the passively monitored site. In this
series, electrotonic transmission was demonstrated in P17, P24,
P42, and P53 ROP retinas; for these ages, the ratio of the voltage
change detected at the responding site vs. the voltage change
induced at the stimulated site was 0.15, 0.24, 0.40, and 0.15,
respectively. Thus, preretinal and intraretinal vessels are elec-
trotonically coupled. Furthermore, even though 98% of the
neovascularization regressed by the sixth postnatal week (Fig.
S1B), we detected electrotonic transmission between residual
neovascular complexes and the retinovasculature.

In addition to dual recording experiments, data from single
pipette recordings from ex vivo ROP retinas also lend support
for a bioelectric model in which preretinal neovascular complexes
drive the hyperpolarization of intraretinal vessels. As shown in Fig.
3B, the membrane potential of a sampled arteriole is correlated
with the amount of pathological neovascularization in the locale
(i.e., within 100 pm) of the recording site. When the total area of
overlying neovascularization within a 100-um radius is >10%, the
underlying intraretinal vasculature is suprahyperpolarized; con-
versely, when the neovascular area regresses to <10%, as observed
after ~P30 (Fig. S1B), the voltage of intraretinal vessels drops.
Taken together, data from dual and single recordings suggest that
the decline in retinovascular voltage observed after P30 is not due
to cessation of electrotonic transmission between preretinal and
intraretinal vessels. Rather, it appears likely that retinovascular
depolarization is a consequence of neovascular regression causing a
decrease in the number of preretinal neovessels available to trans-
mit hyperpolarizing voltage into the intraretinal vascular network.

Retinovascular Spread of Neovessel-Generated Voltage. Although
this bioelectric analysis of pathological angiogenesis focused
chiefly on preretinal neovascular complexes and the intraretinal
vessels located beneath these complexes, a critical question is
whether the hyperpolarizing neovascular input spreads more
widely through the retinovasculature. Using P17-P22 ROP retinas,
we addressed this question by recording arteriolar voltages at sites
distant from where the sampled vessel passed below preretinal
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neovascular complexes. As shown in Fig. 3C, suprahyperpolarization
extends well beyond the location of neovascularization. Based on
these data, it appears that as neovessel-generated voltage spreads
efficiently along an intraretinal arteriole with decay rate of only
~5% per 100 pm, which is strikingly similar to the highly in-
teractive electrotonic architecture of the retinovasculature in
normal adult rats (4). Thus, the bioelectric impact of pathological
neovascularization extends well beyond its physical location in
the retina.

Electrogenic Basis for Neovessel Suprahyperpolarization. What
electrogenic mechanisms account for neovascular suprahyper-
polarization? To help address this question, we devised an ex-
perimental preparation consisting of microvessels (i.e., outer
diameter <20 pm) freshly isolated from ROP retinas. Similar to
the neovascular complexes in intact ROP retinas, isolated ROP
vessels contain suprahyperpolarized (mean, —90 + 15 mV; range,
—60 to —118 mV; median, —92 mV; n = 87) complexes of endo-
thelial cells (Fig. S2). This preparation was experimentally ad-
vantageous, because possible confounding effects mediated by
nonvascular cells were eliminated, and also because the ability to
obtain approximately three vessel-containing coverslips per retina
allowed a marked reduction in the number of ROP rats required
for electropharmacologic assays.

In a series of voltage-clamp experiments, perforated-patch
pipettes were sealed onto the suprahyperpolarized complexes and
inhibitors of various ion channels and electrogenic transporters/
pumps were used to establish a bioelectric profile. For compari-
son, we also determined the electrogenic features of vessels iso-
lated from control retinas. As summarized in Fig. 4, the major
hyperpolarizing influences in the ROP complexes are (i) basally
active ATP-sensitive potassium (Katp) channels, (if) an extremely
negative equilibrium potential for the electrogenic Nat/Ca™ ex-
changers (Encx), and (iii) a relatively small nonspecific cation
(NSC) conductance. Supporting the validity of this bioelectric
profile, a limited number of recordings from neovascular com-
plexes located on the surface of ex vivo ROP retinas also detected
a basal Ka1p conductance (1,350 + 330 pS; n = 3), a markedly
hyperpolarized Excx (=110 + 15 mV; n = 3), and a low NSC
conductance (270 + 95 pS; n = 3).

Of note, with Excx being more negative than the equilibrium
potential for K* (Ex = —90 mV), the outward current generated
as NCX runs in its “reverse” mode (1 Ca®" in, 3 Na* out) is
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Fig. 3. Bioelectric interactions between preretinal neovascular complexes
and intraretinal vessels in ex vivo ROP retinas. (A, 7) Schematic of simultaneous
dual perforated-patch recordings. (4, 2) Voltage traces from a passively mon-
itored intraretinal vessel (Upper) and a nearby preretinal neovascular complex
(Lower), whose current-induced 8.4-mV depolarization caused a 2-mV voltage
decrease at the passive site. (B) Intraretinal arteriolar voltages versus amount of
preretinal neovascularization <100 pm from the recording site. (C) Voltages of
intraretinal arterioles recorded in ex vivo P17-P22 ROP retinas at locations
distant from preretinal neovascular complexes. 0-um data are from Fig. 1C.
(Inset) Enlarged distance scale showing the low decay rate of voltage spreading
from sites of preretinal neovascularization.
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Fig. 4. Bioelectric profiles. (A) Electrogenic parameters of suprahyperpolarized vascular complexes on freshly isolated ROP vessels. Lower panel, electrogenic

features of vessels from control rat retinas. Table S1 provides additional data.

capable of driving the membrane potential beyond Eg, which in
fact was observed in 36 of 69 neovascular complexes sampled in ex
vivo ROP retinas (Fig. 1B). Interestingly, although it is known that
the reverse mode of NCX operation (rNCX) is critical for the
angiogenic actions of vascular endothelial growth factor (9)—the
target for existing medical treatments of vasoproliferative retinal
disorders—there is no previous electrophysiological documenta-
tion of INCX function in pathological angiogenesis.

How is the bioelectric profile of neovascular complexes estab-
lished? Because preretinal neovascular tufts contain high levels of
oxidants (10), we hypothesized that oxidation may play a role. To
assess this possibility, we exposed isolated ROP vessels to the
antioxidant n-acetyl cysteine (NAC; 100 pM). This treatment de-
creased the Katp conductance by 82 + 12% (n = 6; P < 0.0001)
(Table S1). This effect is consistent with the known redox sensi-
tivity of retinovascular Katp channels, the activity of which in
retinal vessels of normal rats is boosted by oxidants (11, 12). In
contrast, this NAC treatment did not significantly affect Excx or
the NSC conductance (Table S1). Nevertheless, an impact of ox-
idation on the function of these electrogenic components cannot be
completely excluded; more experiments might reveal a statistical
significance of the small differences shown in Table S1. In fact,
vascular Excx appears to be somewhat oxidant-sensitive, with ex-
posure of normal retinal microvessels to the oxidant, H,O, (30 pM),
modestly increasing the mean Encx value from -32 + 8 mV
(n =18) to —40 = 6 mV (n = 6; P = 0.037). On the other hand, our
earlier observation that H,O, activates NSC channels in retinal
vessels (13) is contrary to a scenario in which endogenous neo-
vascular oxidants inhibit the NSC conductance. Taken together, our
data indicate that oxidation is likely to account for the basal acti-
vation of Kxrp channels in neovascular complexes, although the
mechanisms playing the predominant roles in minimizing NSC
conductance and establishing an extremely negative Excx remain
uncertain and require future investigation.

Functional Impact of Suprahyperpolarization. In our interactive
bioelectric model of pathological retinal angiogenesis, we hy-
pothesized that the electrotonic transmission of voltage from
suprahyperpolarized neovascular complexes exerts a function-
altering impact on the intraretinal vasculature. Specifically, we
postulated that vasomotor responses mediated by a K™ channel-
induced voltage change could be affected by suprahyperpolarization,
because K* channel activation cannot induce a change in voltage
when the membrane potential is near Eg, as is the case for <P30
ROP retinovessels (Fig. 1C). To assess this possibility, we moni-
tored the vasomotor response to hypoxia, which triggers a com-
pensatory vasodilation in normal retinas (14). The response to
hypoxia was of interest because Katp channels are activated in
hypoxic retinal vessels (12) and play a role in vasodilation (15). Of
further relevance, pathological angiogenesis occurs in the context
of retinal hypoxia.

Puro et al.

In a series of experiments, we monitored lumens of intra-
retinal arterioles (815 pm inner diameters). In <P30 ROP ret-
inas, the monitored vessels were in areas containing preretinal
neovascular complexes. As summarized in Fig. 5, the vasomotor
response to hypoxia was fundamentally different in <P30 ROP
retinas compared with control retinas. Namely, instead of the
compensatory vasodilation observed in control retinas, exposure
of <P30 ROP retinas to a deoxygenated bathing solution triggered
constriction of arterioles. Consistent with the importance of
suprahyperpolarization, hypoxia resulted in the dilation of >P40
ROP retinovessels (Fig. 5), whose resting membrane potentials
are no longer suprahyperpolarized (Fig. 1C). These findings suggest
that neovascular-driven suprahyperpolarization compromises the
ability of the retinovasculature to ameliorate an oxygen deficiency.

PHYSIOLOGY

Hypoxia-Induced Vasoconstriction: Role of Lactate. What mecha-
nism accounts for the vasoconstriction observed in hypoxic <P30
ROP retinas? We hypothesized that vasoactive molecules, such
as adenosine, nitric oxide (NO), and lactate, which are released
by hypoxic cells and have putative roles in angiogenesis (16-18),
may play a role. As summarized in Fig. 5, neither adenosine nor
the NO donor, sodium nitroprusside, mimicked the vasocon-
strictive effect of hypoxia in ex vivo <P30 ROP retinas; instead,
they caused arterioles to dilate. However, similar to hypoxia,
exposure to lactate triggered arterioles in <P30 ROP retinas to
constrict (Fig. 5). Also similar to hypoxia and consistent with
lactate’s role as a vasodilator in the normal retinas (15, 19-21),
arterioles within both control and >P40 ROP retinas—whose
vessels were not suprahyperpolarized (Fig. 1C)—dilated in re-
sponse to lactate (Fig. 5).

Indicative that the vasomotor effects of lactate are dependent
on its uptake via monocarboxylate transporters (MCTs), lactate
did not elicit a detectable change in arteriolar lumens in retinas
pretreated with the MCT inhibitor 2-cyano-3-(4-hydroxyphenyl)-
2-propenoic acid (CHC) (22) (Fig. 5). Furthermore, CHC’s
prevention of hypoxia-induced vasoconstriction in <P30 ROP
retinas (Fig. 5) indicates that this anomalous response is trig-
gered by the uptake of endogenously produced lactate.

How does the uptake of lactate in <P30 ROP retinas result in
vasoconstriction? Based on our earlier study of retinovessels
(20), we considered a role for a cascade of events involving
lactate, MCT, and NCX. Previously, we found that under certain
conditions, the activation of this cascade can cause retinovessels
to contract (20), although this vasoconstricting influence is usu-
ally vitiated by the potent vasorelaxing impact of lactate on
precapillary arterioles (21), as well as on larger retinal arterioles,
in which the activation of a voltage-changing Karp current plays
a key role (15). However, we posited that the relative impact of
the lactate/MCT/NCX pathway would be boosted when supra-
hyperpolarization to a voltage near Eg, as observed in <P30
ROP retinas (Fig. 1C), precludes a K* channel-induced change
in voltage. Consistent with this scenario, we did not detect
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Fig. 5. Vasomotor responses in ex vivo retinas. (A) Arterioles with lumens of
8-15 pm were monitored during exposure to a deoxygenated perfusate
(hypoxia), the NO donor sodium nitroprusside (100 pM), 5 pM adenosine, or
40 mM lactate. Responses to hypoxia and lactate were also tested in the
presence of an inhibitor of monocarboxylate transporters, CHC (1 mM), and
an NCX inhibitor, OMR-10103 (5 uM). (B) Images of an arteriole within an ex
vivo P17 ROP retina before, during, and 5 min after exposure to a de-
oxygenated bathing solution. Asterisks denote a contracting abluminal cell,
whose original position before hypoxia is shown by the dotted lines. At the site
of maximal narrowing (arrows), the lumen decreased from 10.2 pm to 8.8 um
during hypoxia. In contrast to the compensatory vasodilation observed in
control retina, the suprahyperpolarized vasculature of <P30 ROP retinas re-
spond to hypoxia with an anomalous vasoconstriction.

vasoconstrictive responses to lactate or hypoxia in <P30 retinas
that had been pretreated with the NCX inhibitor OMR-10103
(23) (Fig. 4). Taken together, our pharmacologic experiments
point to roles for endogenously produced lactate, monocarboxylate
transporters, and Na*/Ca** exchangers in mediating the anom-
alous vasoconstrictive response to hypoxia observed in <P30
ROP retinas.

Discussion

This bioelectric analysis of pathological angiogenesis reveals that
preretinal tufts of neovessels aberrantly sprouting from blood
vessels within rodent and human retinas generate extraordinarily
high resting membrane potentials. Electrophysiological record-
ings further demonstrated that neovessels and parent vessels
interact bioelectrically. As a consequence of this electrotonic
coupling, hyperpolarizing voltage is transmitted from neo-
vascular complexes into the retinovascular network. When
pathological neovascularization is extensive, the membrane po-
tential of retinal vessels is boosted to a suprahyperpolarized
level. We found that with this suprahyperpolarization, the va-
somotor response to hypoxia is fundamentally altered, so that
hypoxia triggers arteriolar constriction rather than the compen-
satory vasodilation observed in normal retinas. By delimiting the
delivery of oxygen to hypoxic sites of abnormal vasoproliferation,
this response of the vasculature to hypoxia may play a previous
unappreciated role in the pathogenesis of neovascularization.
In this study, we used ex vivo rodent retinas to obtain elec-
trophysiological recordings from vessels of an intact retina. A

9938 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1604757113

caveat is that the retinal vasculature was not internally perfused,
because it is not currently feasible to obtain patch-clamp re-
cordings from pressurized arterioles within ex vivo or in vivo
retinas. Given that luminal pressurization is known to cause
vascular depolarization (24, 25), it is likely that the membrane
potentials measured in our study are higher than those in vivo.
However, the difference in voltage is likely modest, because the
small retinal arterioles (<20 pm outer diameter) sampled in our
study have a reported internal pressure of ~30 mm Hg in vivo
(26), which causes a depolarization of only ~10 mV as indicated
in analysis of nonocular vessels (25).

Consistent with this modest effect of pressurization, the volt-
age of blood vessels recorded in nonperfused ex vivo control
retinas (Fig. 1C) was <10 mV more negative than the vascular
voltages measured at experimentally advantageous in vivo sites,
such as the rat cremaster muscle (—42 mV) and the hamster
cheek pouch (—46 mV) (27, 28). Thus, a lack of internal pres-
surization does not account for the suprahyperpolarized mem-
brane potentials of ~-90 mV that we recorded in arterioles of
nonperfused ex vivo <P30 ROP retinas (Fig. 1C). Furthermore,
because blood flow in preretinal neovascular complexes in vivo is
sluggish (29), it is unlikely that the suprahyperpolarized mem-
brane potentials recorded in neovascular complexes (Fig. 1B) is
due to a lack of internal perfusion. Thus, although it would be
ideal to obtain electrophysiological recordings from vessels in
internally perfused ex vivo retinas or in retinas in vivo, the fore-
going considerations support the pathophysiological concept that
suprahyperpolarization is a bioelectric characteristic of patholog-
ical retinal angiogenesis.

Because no previous electrophysiological analyses of patho-
logical angiogenesis have been reported, it remains to be
established whether suprahyperpolarization is a bioelectric
feature of neovascularization at nonretinal sites. Nonetheless,
because the fundamental mechanisms for hypoxia-driven neo-
vascularization almost certainly evolved to meet the needs of
nonretinal tissues, we posit that this may be the case. With retinal
neovascularization only recently impacting health owing to in-
creased life expectancies of premature infants and patients with
diabetes or sickle cell disease, there has been little time for
evolutionary pressure to optimize neovascular mechanisms to
meet the unique anatomic and physiological challenges of the
retina (30). In nonretinal tissues, neovascularization is well
adapted to enhance functional recovery; for example, in stark
contrast to pathological retinal angiogenesis, vasoproliferation in
hypoxic muscle is a highly effective adaptive response, even
though the neovessels grow aberrantly and fail to replicate the
pattern of the original vascular network (31). In tissues in which
hypoxia-driven vasoproliferation is beneficial, we propose that a
mechanism in which neovascular-induced suprahyperpolarization
causes vessels to constrict in response to a local oxygen deficiency
is likely to sustain the hypoxic microenvironment needed to drive
adaptive neovascularization. Unfortunately, in the retina, sus-
tained neovascularization is never beneficial and causes blindness.
Our hope is that elucidation of the bioelectric impact of patho-
logical angiogenesis on vascular function will provide new targets
for therapeutic intervention in vasoproliferative disorders of the
retina. It will also be important to analyze neovascularization
in nonretinal tissues and tumors from a bioelectric perspective,
because this new approach is likely to lead to novel strategies for
therapeutic interventions at these sites.

Materials and Methods

Experimental protocols for rodent and human tissue were approved by the
University of Michigan’s Institutional Animal Care and Use Committee and
Institutional Review Board. The University of Michigan's Institutional Review
Board approved the study without the need for patient consent, based on
the experimental use of excised tissue that normally would be discarded
during an intraocular procedure. Detailed information on the materials and
experimental procedures used in this study is provided in SI Materials and
Methods.
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Rodent Models of Proliferative Retinopathy. The 50/10 variable oxygen pro-
tocol of Penn and coworkers (5) was used to generate a pathological retinal
neovascularization that closely resembles ROP in infants. In mice, the pro-
tocol of Smith et al. (6) was followed to create a model of OIR in which
aberrant preretinal neovascularization is most abundant at ~P17.

Experimental Preparations. Numerous experiments were performed using
intact ex vivo retinas of ROP rats, OIR mice, and age-matched controls. An-
other experimental preparation consisted of preretinal neovascular tissue
excised from adult patients with diabetes undergoing surgery for sight-
threatening complications of proliferative retinopathy. A third preparation
consisted of microvessels (i.e., <20-um diameter) freshly isolated from the
retinas of normal and ROP rats aged P30-P60 (30). The vessels isolated from
ROP retinas often contained ~15- to 25-pm-diameter multicellular complexes
with a positivity for the endothelial cell marker isolectin GS-IB, (Fig. S2) and
a suprahyperpolarization (mean, —90 + 15 mV; range, —40 to —118 mV;
median, —92 mV; n = 87) strikingly similar to the neovascular complexes
observed in intact ROP retinas (Fig. 1A and Fig. S1Q).

Electrophysiology. Voltages and currents were monitored via perforated-
patch pipettes. Ex vivo retinas and surgical specimens were viewed using
differential interference contrast (DIC)/infrared (IR) optics at 400x using a 40x
water immersion objective. Isolated microvessels were viewed with phase-
contrast optics at 400x . In recordings from ex vivo retinas, pipettes were
sealed onto preretinal neovascular complexes and/or abluminal mural cells
on intraretinal arterioles (10-20-pm diameter) located within the superficial
vascular layer underneath clusters of preretinal neovascular complexes. In
surgical specimens, recordings were obtained from erythrocyte-containing
vessels (Fig. 2). In the case of retinal microvessels isolated from control rats,
recording pipettes were sealed onto abluminal cells. For microvessels from
ROP retinas, their suprahyperpolarized endothelial complexes (Fig. S2) were
the recording targets.

Isolectin Griffonia simplicifolia-1B, Staining. Fixed specimens were incubated
with 5.7 pg/mL Alexa Fluor 488-conjugated isolectin GS-IB, from G. simplicifolia
(Molecular Probes and Life Technologies).
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Quantification of Neovascularization. Quantification was performed in living
retinas positioned in the recording chamber and viewed with DIC/IR optics at
400x with a 40x water immersion objective. Measurements were from the
200-pm-diameter retinal region (i.e., a high-power field), in which the area
covered by preretinal neovascular complexes was maximal. NIS Elements
software (Nikon) aided this quantification.

Vasomotor Responses. Images of arterioles (inner diameter, 8-15 um; outer
diameter, 10-20 pm) located in the superficial vascular layer of ex vivo ret-
inas viewed with DIC/IR optics at 400x with a 40x water immersion objective
were captured at ~30-s intervals with a digital camera (Photometrics Cool
Snap) using 50- to 90-ms exposures. In ROP retinas, monitored arterioles
were in the locale of preretinal neovascular complexes. Offline, a software
package (NIS Elements version 4.0) facilitated the lumen measurements used
to calculate the change in mean diameter during exposure to experimental
solutions. Of note, similar to in vivo observations (32), changes in lumen
diameter of arterioles in ex vivo retinas were not uniform along a vessel; this
study used the maximal change detected within the well-focused portion
(~25-um long) of a monitored vessel.

Chemicals. All chemicals were obtained from Sigma-Aldrich unless noted
otherwise.

Statistical Analyses. Values are presented as mean + SD. Student'’s t test was
used to evaluate probability.
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