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Purrosk. Glia and their communication via connexin 43 (Cx43) gap junctions are known
to mediate neurovascular coupling, a process driven by metabolic demand. However, it is
unclear whether Cx43 mediated glial communication intermediates classical autoregula-
tion. Here we used viral transfection and a glial fibrillary acidic protein (GFAP) promoter
to downregulate glial Cx43 to evaluate its role in retinal vascular autoregulation to ocular
perfusion pressure (OPP) reduction.

MeTHODSs. Adult rats were intravitreally injected with the viral active construct or a
control. Three weeks after the injection, eyes were imaged using confocal scanning laser
ophthalmoscopy before and during a period of OPP decrease induced by blood draw
to lower blood pressure or by manometric IOP elevation. Vessel diameter responses
to the OPP decrease were compared between Cx43-downregulated and control-
injected eyes. The extent of Cx43 downregulation was evaluated by Western blot and
immunohistochemistry.

Resurts. In control eyes, the OPP decrease induced dilatation of arterioles, but not
venules. In Cx43-downregulated eyes, Cx43 expression in whole retina was decreased by
approximately 40%. In these eyes, the resting diameter of the venules increased signifi-
cantly, but there was no effect on arterioles. In Cx43-downregulated eyes, vasoreactivity
evoked by blood pressure lowering was significantly compromised in both arterioles
(P = 0.005) and venules (P = 0.001). Cx43 downregulation did not affect the arteriole
responses to IOP elevation, whereas the responses of the venules showed a significantly
greater decrease in diameter (P < 0.001).

Concrusions. The downregulation of retinal Cx43 in GFAP—expressing cells compromises
vasoreactivity of both arterioles and venules in response to an OPP decrease achieved via
blood pressure lowering or IOP elevation. The results also suggest that Cx43-mediated
glial communication actively regulates resting venular diameter.

Keywords: ocular perfusion pressure, connexin 43, Adeno-Associated Virus, retinal vascu-
lature, autoregulation

lia are the most abundant cells in the central nervous

system, where they undertake tasks that support
normal neuronal physiology. Their range of activities
includes maintaining homeostasis of extracellular ions and
neurotransmitters, participation in glucose metabolism, and
in metabolic waste removal.!~3 Glia also play a critical role
in regulating local blood flow in response to changes in
neuronal and subsequent metabolic activity in both brain*>
and retina,®’ a feedforward process known as neurovascu-
lar coupling, which is the basis of functional magnetic reso-
nance imaging.

Copyright 2021 The Authors
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Glia, and more specifically astrocytes, have been demon-
strated to mediate vascular tone®® and tone-dependent
vascular responses to a variety of stimuli in the brain.!°
We previously demonstrated that perivascular glia in rat
retina were activated in response to acute IOP elevation,
as evidenced by increased intracellular calcium concentra-
tion.!! Pharmacologic inhibition of glial activity significantly
blunted calcium activation and impaired the capacity for
the vasculature to respond to IOP elevation. This finding
is consistent with the results of Kim et al.,° which showed
that the inhibition of astrocyte activation (decreased calcium
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activity) attenuated compensatory vascular responses to
an acute, phenylephrine-induced elevation of the systemic
blood pressure (BP). Collectively, these results support the
novel idea that glia are engaged in pressure-initiated classic
blood flow autoregulation.

Autoregulation is an intrinsic feature of certain tissues
whereby blood flow is optimized to rapidly adapt to changes
in perfusion pressure and metabolic demands. In regard to
the eye, ocular perfusion pressure (OPP) is defined as the
difference between the mean arterial BP and the IOP. Given
that a change in either of those pressures can impact trans-
mural pressure, one might expect the glia to modulate the
vascular responses to BP-lowering as they are known to do
during IOP elevation.!! Thus, a key aim of this study is to
compare the effect of glial cells on retinal vascular responses
to a decreased OPP achieved via IOP elevation or an equiva-
lent decrease in the BP. Because both IOP elevation and BP
lowering decrease the OPP and have been considered to be
risk factors for glaucoma,'?!3 the results may help to better
define the vasopathology of glaucoma and other diseases.

Connexin 43 (Cx43) is a subunit protein of gap junc-
tions,'* which facilitate astrocytic intercellular communica-
tion and their communication with mural cells.”>~* In the
retina, Cx43 is expressed predominantly within the perivas-
cular endfeet of astrocytes?® and has been functionally
associated with vascular regulation.?! Indeed, the intravit-
real injection of a pharmacologic Cx43 inhibitor (Gap27)
caused significant attenuation of the optic nerve blood flow
response to IOP elevation in rabbit eyes.?” However, Cx43
has also been localized to the retinal pigment epithelium,
Miiller cells, and some neurons in rat retina.?®-?> Thus, the
effect of pharmacologic inhibition may not be specific for
glial cells.

An alternate approach is to target Cx43 downregulation
using a glial cell specific promoter. In our previous stud-
ies in brain,>*? we used an adeno-associated viral vector
(AAV) to upregulate adenosine kinase with an astrocytic-
specific promoter in brain. Using a similar approach here,
we designed an AAV8 vector combined with GEAP gene
promoter and corresponding microRNA (miRNA) to down-
regulate Cx43 in retinal glia.® We test the hypothesis that
glial cell gap junction communication modulates pressure-
induced vascular responses (i.e., classical autoregulation) in
rat retina.

Specifically, we examined the impact of modifying glial
cell communication on the autoregulatory responses of arte-
rioles and venules. In the retina, venules do not have smooth
muscle cells and are thus thought to be passively regulated.
However, recent experimental evidence shows that isolated
retinal venules exhibit constriction and dilation in response
to the local delivery of vasoactive substances,?” thus suggest-
ing the existence of active regulatory mechanism(s) as well.
We previously showed that the pharmacologic inhibition
of glial activity increased the basal venular diameter and
compromised the responses of both the arterioles and the
venules to a rapid increase in the IOP.!! These data are
consistent with the possibility that glial cells participate in
the maintenance of both basal venular tone and the regu-
lation of vascular resistance in response to changes in the
local pressure environment. However, the rapid IOP eleva-
tion used in our previous study can introduce an abrupt
compression of the vessels, which may complicate interpre-
tation. As such, a slower change in the OPP may be better for
revealing active contributions of glia to vascular regulation.
To consider this possibility, here we examined the impact
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of downregulating Cx43 on vascular responses to a slower
OPP reduction.

METHODS
Animals

Adult male Brown Norway rats (Charles River Laboratories
Inc., Wilmington, MA), weighing an average of 322 + 70 g,
were maintained under a 12-hour light/12-hour dark cycle
(1200 lux maximum, <100 lux inside the cage) with normal
rat chow and water available ad libitum. All experimen-
tal methods and animal care procedures conformed to the
National Institutes of Health guidelines for the care and use
of Laboratory animals and the ARVO Statement. All exper-
iments were approved by the Legacy Institutional Animal
Care and Use Committee.

Two groups of rats were intravitreally injected with an
AAV delivery system containing either an active miRNA to
downregulate Cx43 expression in the retinal glia (experi-
mental group) or a scrambled control miRNA (control group)
as detailed elsewhere in this article. Three weeks after the
injection, arteriolar and venular vasoreactivity in response to
either slow IOP elevation (z = 8 each for the Cx43 downreg-
ulated group and the control group) or BP lowering (7 = 8
each for the Cx43 downregulated group and control group)
was evaluated by measuring vessel diameter during OPP
reduction in vivo. The arteriolar and venular responses were
compared between the Cx43 downregulated and control
groups. After euthanasia, the efficiency of Cx43 downregula-
tion was evaluated by Western blot analysis and immunohis-
tochemistry. The procedures are detailed elsewhere in this
article.

Preparation of the Cx43 AAV Construct

Aiming to downregulate Cx43 in retinal cells expressing
GFAP, an AAV system was used to deliver the corresponding
miRNA using a GFAP promoter. The viruses are recombinant
AAVs containing a cassette from serotype 2 packaged in the
capsid from serotype 8. AAV8 capsid was selected owing
to its particular effectiveness in driving transgene expres-
sion in glia and in particular astrocytes.?® The expression
of Cx43 was downregulated using AAV2/8 vectors encod-
ing a miRNA targeting the rat Cx43 gene under a full-
length GEAP promoter (AAV.GFAP. miRNACx43). The miRNA
constructs were designed with sense and antisense “pin”
regions separated by a loop region. Post-transcriptional
regulatory element WPRE and polyA elements were also
included. The miRNA sequence was: TAGGAAGAGAAGC-
TAAACAAATGC, which is complementary to the native Cx43
miRNA for the purpose of decreasing translational effi-
ciency. For the control virus, the cassette bore a scrambled
miRNA sequence, which was designed not to have viable
base pairing with any genes in this species, with otherwise
matching promoter and enhancing elements to the experi-
mental virus (AAV.GFAP.miRNAScramble). WPRE and polyA
elements were used.

For in-house viral production, human embryonic kidney
293T cell lines were maintained in Dulbecco’s modified
Eagle’s Medium supplemented with 10% FBS and 100
U/mL penicillin-streptomycin (Gibco, Thermo Fisher Scien-
tific Inc., Waltham, MA) at 37 °C and with 5% CO,. Cells
were passaged into 150-mm plates (Corning Inc., Corn-
ing, NY) 1 day before transfection and triple transfected at
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approximately 70% confluency using PEI Max 40K follow-
ing the manufacturer’s recommended protocol. For each
transfection, 7.5 pg of pAR8 AAV8 serotype packaging
plasmid, 10 pg of pDF6 helper plasmid, and 5 pg of
AAV plasmid carrying the construct of interest were added
to 500 pL of Dulbecco’s modified Eagle’s Medium. Next,
90 pL of PEI “Max” solution (1 mg/mL, pH of 7.4) was
added to the mixture and incubated at room tempera-
ture for 5 to 10 minutes. After incubation, the mixture
was added to 15 mL of warm maintenance media freshly
added in each dish 2 hours prior. Cells were harvested
between 48 hours and 72 hours after transfection by
scraping and the viruses were crudely isolated from the
cell membranes via freeze-thaw cycling and centrifugation.
The AAV2/8 (AAV2 ITR vectors pseudo-typed with AAVS
capsid) viral particles were then purified from the super-
natant via discontinuous iodixanol gradient (protocol by
Addgene, Watertown, MA). All dosages of AAV were adjusted
with sterile phosphate buffered saline (Gibco, Grand Isle,
NY) before in vivo injection. For each eye, 3 to 4 uL
of 10'? virus genomes per milliliter AAV.GFAP.Cx43miRNA
(Cx43 downregulated group) or corresponding control
(AAV.GFAP.miRNA.Scramble) was injected. The injection was
repeated 3 days later.

The viral transfection was confirmed by encoding
a gene of jellyfish green fluorescent protein (GFP)
(AAV8.GFAP.GFP) in three rat eyes after a single intravitreal
injection. Colocalization of GFP and GFAP was examined in
isolated retina immunohistochemically stained with antibod-
ies to GFAP and GFP (to amplify its fluorescent signal).

Anesthesia and Surgical Preparation

Three weeks after the first intravitreal injection, animals
underwent general anesthesia induced via isoflurane inhala-
tion (1.5% to 2.5% in oxygen at a flow rate of 1-2 mL/min).
Both femoral arteries and veins were cannulated with
polyethylene tubing (PE10 or 50; BD Intramedic, Franklin
Lakes, NJ). One femoral artery was connected to a pres-
sure transducer (BLPR2; World Precision Instruments or
WPI, Sarasota, FL) and a four-channel amplifier system (Lab-
Trax-4/24T; WPI) for continuous BP monitoring. A femoral
vein was used for administration of maintenance anesthetic.
The other artery or vein was used for blood drawing to
lower the BP during the experiments (discussed elsewhere
in this article). After these surgical preparations, anesthe-
sia was switched to continuous intravenous infusion of
sodium pentobarbital (2-5 mg/kg/h, Nembutal, Oak Phar-
maceuticals, Lake Forest, IL) via an infusion pump (Aladdin,
World Science Instruments). An orotracheal intubation was
performed allowing the animal to be ventilated with approx-
imately 30% O, (RSP 1002 ventilator, Kent Scientific Co.,
Torrington, CT) and the end tidal carbon dioxide partial
pressure was monitored with a capnometry (RSP-300, Kent
Scientific Co.). The respiratory rate (60-90 stroke/min),
the peak inspiratory pressure and inspiration/expiration
ratio were adjusted to maintain an arterial partial pres-
sure of carbon dioxide (PaCO,) between 30 and 40 mm
Hg, which was periodically measured using a blood gas
analyzer (i-STAT, Abbott Inc., Princeton, NJ). A calibration
curve between the PaCO, and end tidal carbon dioxide
partial pressure was established based on 27 measurements
in 12 animals, which allowed the continuously monitored
end tidal carbon dioxide partial pressure to be used as a
surrogate for PaCO, throughout subsequent experiments.
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Arterial partial pressure of oxygen throughout all procedures
was more than 100 mm Hg. Pupils were dilated with topi-
cal application of tropicamide (0.5%, Alcon Laboratories Inc.,
Fort Worth, TX). Body temperature was maintained between
37 °C and 38 °C with a thermostatically controlled heat-
ing pad. Custom-made rigid gas-permeable contact lenses
(3.5 mm posterior radius of curvature, 5.0 mm optical zone
diameter, and +5.0 diopter back vertex power) were used
to maintain clarity during ocular fundus imaging.

Retinal Vessel Diameter Imaging and
Quantification

Rats were placed in a prone position on a stage facing
a confocal scanning laser ophthalmoscope (Spectralis
OCT+HRA, Heidelberg Engineering, Heidelberg, Germany).
At baseline and during BP lowering or IOP elevation, video
sequences (5 Hz acquisition) in infrared reflectivity mode
(confocal scanning laser infrared imaging) were recorded
across a 30° field centered on the optic nerve head. Reac-
tivity in vessel diameter induced by a change in OPP was
quantified offline using Fiji (ImageJ v2.0.0; National Insti-
tutes of Health, Bethesda, MD),” an open-source platform
for biological image analysis. In brief, 10 consecutive images
were averaged to return a single image every 2 seconds.
Averaged images recorded immediately before and during
OPP modification were combined into a single image stack.
This image stack was registered with custom software writ-
ten in Java to allow the same regions of interest to be
analyzed across time. Regions of interest were selected along
arterioles and venules at 1 disc diameter distance from the
optic disc margin (Fig. 1A).

In each retina, the vessel diameter was measured from
three to five arterioles and three to five venules. The coeffi-
cient of variation of 10 sequential baseline vessel diameter
measurements from confocal scanning laser infrared images
was 1.27% for arterioles and 1.62% for venules (nz = 17 eyes).

The change in the diameter of each vessel was expressed
as a percentage relative to its own baseline. Data obtained
during the course of each experiment were averaged into
10-mm Hg OPP bins. The OPP was calculated as the differ-
ence between mean arterial BP and IOP.

Gradual OPP Reduction by BP Lowering and IOP
Elevation

To lower BP, blood was drawn from a femoral vein or
artery with a syringe pump at a rate of 0.8 to 1.0 mL/min.
Blood drawing started when the mean BP had stabilized
between 95 and 100 mm Hg under pentobarbital anesthe-
sia. To induce a gradual increase in the IOP, a 33G needle
connected to a reservoir filled with balanced salt solution
(BSS, Baxter, Deerfield, IL) was inserted into the anterior
chamber. IOP was set to 10 mm Hg as a baseline level. The
reservoir was then raised at a rate of 0.16 & 0.05 mm Hg/sec
using a pulley driven by a modified peristaltic pump (Longer
Precision Pump Co., Ltd, Hebei, China). The final target IOP
elevation was confirmed using a rebound tonometer (TONO-
LAB, Vantaa, Finland).

Experimental Protocol

After completion of the surgical preparation, time was
allowed for the BP to stabilize between 95 and 100 mm
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FIGuURE 1.

Peripapillary vessel diameter measurement from confocal scanning laser infrared images. (A) Images of the ocular fundus recorded

by confocal scanning laser infrared. (B) Using Image], the reflectance intensity profile across each vessel (white line) was generated and
analyzed for peak (blue) and troughs (red). Vessel diameter (red dashed line) was defined as the distance between 2 troughs perpendicular

to the vessel axis.

Hg and PaCO, to stabilize between 30 and 40 mm Hg.
Once stabilized a 20-second baseline confocal scanning laser
infrared image sequence was acquired, followed by contin-
uous imaging (5 frames per second) during the period of
OPP modification until BP decreased to 20 to 30 mm Hg
or IOP increased to 70 mm Hg. The net OPP change was
approximately 60 mm Hg over the course of 4 to 6 minutes
in both groups. Changes in vessel diameter were compared
between Cx43 downregulated and control eyes during BP
and IOP manipulation (nz = 8 for each experimental condi-
tion). The effect of IOP elevation on the vessel diameter was
also assessed in a group of naive eyes (without any treat-
ment, n = 8).

Western Blot Analysis for Cx43

To evaluate the efficiency of Cx43 downregulation, 4 addi-
tional pairs of Cx43 downregulated eyes and control eyes
were used. At the same endpoint (3 weeks after injection)
the retina was isolated and as much of the vitreous as possi-
ble was removed. Tissues were then immediately lysed in
RIPA buffer (50 mM pH 7.5 Tris, 150 mM NacCl, 1% Triton X-
100, 0.5%SDS, 1% sodium deoxycholate, protease inhibitor
cocktail) for 1 hour on ice, then homogenized in a sonicator
at 15% amplitude for 10 seconds. Total protein concentration
was determined using the BCA protein assay kit (Thermo
Scientific Inc.). Lysate protein (20 pg) was subjected to 8%
to 16% SDS-PAGE (Bio-Rad, Hercules, CA) transferred onto
polyvinyl difluoride membranes (PVDF, Bio-Rad), blocked
with 5% nonfat milk for 1 hour and incubated with rabbit
anti-Cx43 antibody (1:1,000, Cell Signaling, Danvers, MA) at
4 °C overnight. After three washes in TBS-T (0.1% Tween-
20 in TBS), the blots were incubated with HRP-conjugated
secondary antibody (1:10000, Cell Signaling) for 1 hour.
The membranes were exposed (Immun-Star Chemilumines-
cent Protein Detection System; Bio-Rad) using an enhanced
chemiluminescence detection kit (Thermo Scientific Inc.).

The membranes were washed and blocked with 5%
nonfat milk, incubated with rabbit anti-GAPDH antibody
(1:5000, ab9485, Abcam, Cambridge, MA) and secondary
antibody. Membranes were then imaged as described else-
where in this article and a densitometric analysis was
performed using Image].

Immunohistochemical Evaluation of Cx43
Expression

Three weeks after the first injection and after imaging,
rats were perfusion fixed with transcardial infusion of
4% paraformaldehyde. The retinas were isolated for cross-
sections (# = 4) and flat mounts (# = 4). For the cross-
sections, eyes were embedded in optimal cutting tempera-
ture compound (Electron Microscopy Science, Hatfield, PA)
and sectioned at 10 to 12 pm thickness. Sections were rinsed
three times in PBS for 5 minutes, incubated in Triton X-
100 (0.3%) for 15 minutes at room temperature and then
in blocking serum (5% goat serum and 5% BSA) for 1 hour.
A chicken primary antibody to GFAP (1:1000; Sigma-Aldrich
Corp., St Louis, MO) and a rabbit primary antibody to Cx43
(1:400; Cell Signaling, Danvers, MA) were applied overnight
at 4 °C. After three PBS washes, sections were incubated
with goat anti-chicken and goat anti-rabbit secondary anti-
bodies conjugated with AlexaFluor 488 and 555 (1:400 and
1:200; Life Technologies), respectively, for 1 hour at room
temperature.

For flat mount retinas, similar immunohistochemistry
procedures were followed, except that a greater concen-
tration of Triton X-100 (1%) was used. The primary anti-
bodies were incubated for 2 days and the secondary anti-
bodies were incubated overnight, both at 4 °C. A confocal
microscope (DMi8, Confocal system TCSSPE; Leica, Went-
zler, Germany) was used to evaluate the retinas.

Data Analysis and Statistics

The effect of OPP lowering (binned every 10 mm Hg)
on the relative change in vessel diameter was analyzed
using one-way repeated measures ANOVA (1-way ANOVA)
with Dunnett’s post hoc comparisons at each OPP level.
To evaluate the effect of Cx43 downregulation, the relative
change in the vessel diameter as a function of OPP was
compared between the Cx43 downregulated and the control
groups using 2-way ANOVA (OPP and Cx43 downregulation)
separately for BP-lowering and IOP elevation experiments.
Paired ¢ tests or Wilcoxon matched-pairs signed rank tests
as appropriate were used to evaluate differences between
groups. The probability (P) to reject the null hypothesis
was set at 5%. Data are shown as mean + SD unless
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Ficure 2. Representative microphotograph of GFP expression and GFAP immunoreactivity in rat retina 3 weeks after intravitreal injection
of AAV8.GFAP.GFP. (A) At the center of the image is a horizontally oriented vessel. GFAP-positive cells and their processes line the vessel
wall. (B) Immunohistochemically enhanced GFP expression appears as punctate distribution. (C) Costain of GFAP and GFP shows strong

overlap between GFP and GFAP (scale bar: 50 ym).
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Ficure 3. Expression of Cx43 determined by Western blot in 4 pairs of retinas. (A) Each pair of lanes shows the immunoblots for Cx43 and
GAPDH from the same rat treated with AAV.GFAP.miRNACx43 (AAV) and control. (B) Relative Cx43 concentration in each pair of retinas

quantified by using Image].

otherwise specified. All analyses were performed using
Prism 7 (GraphPad Software, Inc., La Jolla, CA).

RESULTS

GEFAP Promoter Controlled GFP Transduction in
GFAP-Positive Cells

Figure 2 shows an example of the GFP and GFAP
immunohistochemical staining in a flat-mount retina
3 weeks after AAV8.GFAP.GFP injection. The majority of the
GFP immunoreactivity is co-localized with that of GFAP posi-
tive cells alongside the vessel walls.

Western Blot Quantification of Retinal Cx43

Figure 3 shows the results of Western blot analysis in four
pairs of eyes treated with AAV.GFAP.Cx43miRNA or control
(Fig. 3A). The Cx43 protein level in the Cx43 downregulated
eyes was 40 = 2.0% lower than the control eyes (Fig. 3B,
P = 0.06, paired Wilcoxon test).

Expression of Cx43 by Immunofluorescence
Staining

Figures 4 and 5 show two pairs of representative reti-
nas of whole mount and cross-sections, respectively. In
whole-mounted control retinas, Cx43 was evident as
densely distributed puncta, primarily co-localized with
GFAP-positive cells (Fig. 4C). Cross-sections showed that
Cx43 puncta were limited to the inner retinal layers (reti-

nal ganglion cell and nerve fiber layers) of the retina. In
Cx43 downregulated retinas, glia were structurally disor-
ganized with increased GFAP expression (Fig. 4D). Cross-
sections showed GFAP immunoreactivity extending radially
into the inner retinal layers (Fig. 5). This pattern is consis-
tent with activated Muller cells (Fig. 5D). There were few
Cx43-positive puncta in Cx43 downregulated eyes. An occa-
sional puncta could be found, but these were smaller in size
compared with the control eyes.

Basal Vessel Diameter Difference Between the
Cx43 Downregulated and Control Groups

In rats assigned to BP lowering, the average basal arterio-
lar diameter (by pixel) was 19.8 £ 1.8 in the control group
and 21.4 & 2.5 in the Cx43 downregulated group (P = 0.17,
unpaired ¢ test) three weeks after AAV construct injection.
The corresponding venular diameter was 24.2 + 2.5 and
29.3 £+ 3.2 in the control and Cx43 downregulated groups
(P = 0.003), respectively. Note that, under similar conditions
of image acquisition previously, we found that each pixel
corresponds to 1.6 pm across adult rat retina.>*3!

In rats assigned to IOP elevation, the average basal arteri-
olar diameter was 22.2 £ 1.8 in the control group and 24.6 +
4.6 in the Cx43 downregulated group (P = 0.21). The venu-
lar diameter was 28.5 + 4.9 and 39.2 £ 6.9 in the control
and Cx43 downregulated groups (P = 0.007), respectively.
Thus, in both experimental groups, the basal diameter of
the venules was significantly increased as a result of Cx43
downregulation.
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Ficure 4. Representative GFAP and Cx43 staining in whole-mounted retinas from an AAV.Cx43 downregulated eye and a control eye. In the
control eye (A-C), the Cx43 puncta were colocalized with GFAP positive glia. In the Cx43 downregulated eye (D-F), GFAP immunoreactivity
was enhanced and its pattern was disorganized (arrow in D). (E) Cx43 immunoreactivity appeared weaker and puncta were smaller.

(F) Colocalization of D and E.

Ficure 5. Representative GFAP (green) and Cx43 (red) staining in retinal cross sections (vitreal side up) from a control eye (A-C) and
a Cx43 downregulated eye (D-F). In the control eye, GFAP staining and Cx43 puncta were colocalized and distributed in the superficial
retinal layers. In Cx43 downregulated eyes, enhanced GFAP immunoreactivity was evident in both superficial and deeper retinal layers (D),

whereas Cx43 puncta were smaller and fewer (E).

The Effect of Cx43 Downregulation on
BP-Lowering Induced Vascular Responses

In rats assigned to BP lowering, the average OPP before
the onset of BP reduction was 86.9 £ 3.2 mm Hg in the
control group and 88.4 + 2.9 mm Hg in the Cx43 down-

regulated group (P = 0.30, unpaired ¢ test). After blood had
been drawn, the BP was reduced by 72.5 &+ 5.1 mm Hg and
69.8 + 14.0 mm Hg (P = 0.61) in the control and Cx43 down-
regulated groups, respectively. The average blood volume
drawn was 7.6 = 1.1 mL and 6.8 + 1.0 mL in the control
and Cx43 downregulated groups (P = 0.15), respectively.
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Ficure 6. Confocal scanning laser images during BP reduction in a control eye (A-C) and a Cx43 downregulated eye (D-F) at baseline
(A, D), 50 sec (B, E) and 100 sec after onset of OPP reduction by blood withdrawal (C, F). In the representative control eye, the arterioles
(A) show mild dilation during BP-lowering while the venules (V) showed no change qualitatively. In the Cx43 downregulated eye, while
arterioles dilated, the venules constricted. Note the larger venular diameter at baseline in the Cx43 downregulated eye compared with the
control eye (A vs. D). In each image, the inset shows a portion of a selected arteriole and venule to provide a magnified view of the vessels.
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Ficure 7. Effect of Cx43 downregulation on retinal arteriolar and venular diameter in responses to BP reduction. The relative change in
arteriolar (A) and venular (B) diameter from baseline in control (black, N = 8) and Cx43 downregulated (red, N = 8) groups are plotted
against OPP, summarized into 10-mm Hg bins. Filled circles indicate significant difference from baseline (the first symbol of each curve).
Asterisks (*) indicate significant differences between the groups at given OPPs. (Error bar: SEM.)

The BP decreased at similar rates in the control and Cx43
downregulated groups as determined by linear regression
(-0.27 mm Hg per second, P = 0.69, F test). The average
baseline PaCO, was 32.2 £ 1.3 and 33.8 + 3.0 mm Hg in
the control and Cx43 downregulated groups, respectively
(P = 0.31). The PaCO, during BP lowering in three sepa-
rate experiments was 40.9 £ 8.1,39.9 + 7.7, 38.9 &+ 6.8, and
38.6 + 7.4 mm Hg measured when the BP was 90, 60, 50,
and 40 mm Hg, respectively. Thus, the experimental condi-

tions were similar for the Cx43 downregulated and control
groups.

Figure 6 shows representative confocal scanning laser
images from a control eye and a Cx43 downregulated eye.
The vascular diameter change in these two eyes is close
to the median level of their corresponding experimental
groups. Group data are shown in Figure 7.

In the control eyes, as OPP was lowered to approximately
75 mm Hg via BP reduction, the arteriolar diameter started
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Ficure 8. Representative confocal scanning laser images during IOP elevation in a control eye (A-C) and a Cx43 downregulated eye (D-F)
before (A, D), 50 sec (B, E) and 100 sec (C, F) after IOP elevation. In the control eye, the arterioles (4) slightly dilated and the venules
(V) slightly constricted during IOP elevation (A-C). In the Cx43 downregulated eye, arterioles dilated but the venules showed marked
constriction. In each image, the insets show a portion of a selected arteriole and venule to provide a magnified view of the changes.

to dilate (Fig. 7A). Further OPP reduction to approximately
45 mm Hg caused a significant increase in the diame-
ter, achieving an approximate 15% increase above baseline
when the OPP reached 20 mm Hg (one-way ANOVA, P <
0.0001). In the Cx43 downregulated group, arterioles exhib-
ited significantly less dilation compared with the control
group (P = 0.005, two-way ANOVA). There was no signif-
icant increase in diameter detected until OPP had decreased
to less than 40 mm Hg (Fig. 7A).

For venules (Fig. 7B), the OPP decrease in the control
group caused a decrease in diameter, but the change was
significant only at an OPP of 65 mm Hg (P < 0.05, -3%
from baseline with a 95% CI from 0.11% to 5.80%). In the
Cx43 downregulated group, there was a greater decrease in
the venular diameter, with OPP lowering achieved via BP
reduction (one-way ANOVA, P < 0.0001). The decrease in
the venular diameter peaked at an OPP of 40 mm Hg. Further
decreases in the OPP did not result in an additional decrease
in the venular diameter. Compared with control eyes, the
decrease in the venular diameter in the Cx43 downregulated
group to less than 60 mm Hg of OPP was statistically signif-
icant (P = 0.001, two-way ANOVA).

Effect of Cx43 Downregulation on IOP-Induced
Vascular Responses

The average OPP at the start of the IOP elevation experi-
ment was 87.2 £ 3.7 mm Hg in control and 89.2 &+ 2.3 mm

Hg in the Cx43 downregulated groups (P = 0.17, unpaired
t test). Figure 8 shows representative confocal scanning laser
images from a control and a Cx43-downregulated eye.

The vessel diameter changes as a function of OPP
are summarized in Figure 9. In control eyes, gradually
decreasing the OPP by increasing the IOP from 10 to
70 mm Hg induced a progressive increase in arteriolar diam-
eter (P < 0.0001, one-way ANOVA) after an initial small
decrease. In the Cx43 downregulated eyes, the magnitude
of the arteriolar diameter increase tended to be slightly
larger than that observed in control eyes, but the difference
did not achieve statistical significance (P = 0.68, two-way
ANOVA, Fig. 9A).

For venules, IOP elevation caused only an approximately
5% decrease in the diameter in control eyes but a significant
vasoconstriction of approximately 15% in Cx43 downregu-
lated eyes (P < 0.0001). This decrease in the venule diame-
ter was significantly greater compared with the control eyes
(Fig. 9B, P = 0.001, two-way ANOVA).

Vasoreactivity to IOP Elevation in Naive Eyes

To address a potential off-target Cx43 transduction in
smooth muscle cells, the arteriolar diameter responses in
Cx43 downregulated and control eyes during IOP elevation
were compared against naive control eyes. Fig. 9A shows
that the vascular responses in the naive eyes (blue symbols
and lines) were not significantly different from the other two
groups (P = 0.64, ANOVA).
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Ficure 9. Effect of Cx43 downregulation on retinal arteriolar and venular diameter responses to IOP elevation. Change in arteriolar
(A) and venular (B) diameter relative to baseline in control (black, N = 8) and Cx43 downregulated (red, n = 8) groups, plotted against
OPP averaged into 10-mm Hg bins. Filled circles indicate a significant difference from baseline. Asterisks (*) indicate significant difference
between the control and Cx43 downregulated groups at a given level of OPP. (Error bar: SEM.) The blue curve (left panel) represents the
arteriolar diameter responses in the group of naive eyes (blue, solid lines).

DIScUSSION

By using a viral delivery system to downregulate Cx43 in
GFAP-expressing glial cells in the rat retina, our results show
that glial communication via gap junctions plays a role in
modulating the basal venular diameter and vasoreactivity to
BP lowering in both the arterioles and venules and to IOP
elevation in the venules.

It is known that decreasing the perfusion pressure drives
arteriolar dilation to maintain an adequate blood flow.3*3
Our data are consistent with this finding because they show
arteriolar dilation in response to both BP lowering (Fig. 7A)
and IOP elevation (Fig. 9A). Our data show that impair-
ment of the Cx43-mediated communication compromised
the vascular response to BP decreases for retinal arterioles
by significantly decreasing the magnitude of their dilation.

Although the GFAP promoter will largely target GFAP-
expressing retinal astrocytes, Miller cells, which express
GFAP under stress or disease conditions,?®** may also
be targeted under these conditions. Figure 4D shows an
increased GFAP expression in clumps and puncta whose
position is consistent with Miller cell processes, which are
structurally and functionally connected closely with astro-
cytes.>>=37 Therefore, we cannot exclude the possibility that
the effects on Miiller cells may have also contributed to the
altered vascular responses we observed after Cx43 downreg-
ulation, although how the Miiller cells interact to regulate
retinal circulation via Cx43 remains unknown.

In addition to glia, Cx43 is also found in pericytes, which
have been shown to regulate blood flow in the capillar-
ies via Cx43°® and in smooth muscle cells in the arte-
rioles.?® Although, the activation of miRNA is controlled
within GFAP-expressing cells, it is possible that our results
reflect in part an off-target downregulation of Cx43. Our
analysis has focused on changes to the diameter of larger
vessels, rather than capillaries that may be impacted by
altered pericyte communication. With regard to the off-target
transduction of smooth muscle cells, we show that IOP-
induced arteriolar responses in AAV control and Cx43 down-
regulated eyes were not different to naive eyes. This find-
ing suggests our treatment has not compromised the capac-
ity for smooth muscle cells around arterioles to respond to
increases in the IOP. Given this result, the significant impair-
ments of vasodilation after Cx43 downregulation induced by

BP lowering is unlikely to be impaired via changes in the
contractility of smooth muscle cells.

It should be noted that, to achieve systemic hypoten-
sion, we used a controlled withdrawal of blood in this study,
rather than using pharmacologically vasoactive agents. This
approach produced a more gradual decrease in the BP and
avoided potential off-target effects directly affecting local
vasoreactivity. However, lowering the blood volume may
decrease oxygen availability and the rate of metabolic waste
removal, both of which may affect blood flow regulation.’
To avoid these potential problems, animals were artificially
ventilated and given 30% oxygen. We show that during blood
withdrawal both the arterial partial pressure of oxygen and
the PaCO, were not significantly altered from baseline.

In contrast with compromised dilation in response to
BP lowering, the arteriolar response to gradual IOP eleva-
tion in Cx43 downregulated eyes was largely unaffected.
This finding contrasts with the results of studies that used
the gliotoxin aminoadipic acid glial inhibitor, in which
the vascular responses to IOP elevation were significantly
suppressed.'’*! However, it should be noted that, in those
studies, aminoadipic acid caused extensive glial cellular
damage as evidenced by the near complete disappearance!!
or significantly suppression®® of GFAP immunohistochem-
ical reactivity. In eyes treated with AAV.GFAP.Cx43miRNA
in this study, the glial cells appeared to remain present,
albeit with slightly altered morphology and GFAP expres-
sion (Fig. 4D). In addition, the rate and amplitude of IOP
elevation were quite different in those studies. In the current
study, IOP was gradually increased from 10 to 70 mm Hg
over the course of 5 to 6 minutes, whereas previously!! the
IOP was rapidly increased from 20 to 50 mm Hg within
several seconds. Rapid increases in the IOP have been
demonstrated to have a greater physical impact on blood
flow compared with the same magnitude of IOP elevation
achieved at a slower rate.*>*> Thus, the downregulation of
Cx43 activity may have a milder effect than the chemicals to
allow arterioles retaining the capacity to efficiently respond
to gradual IOP elevations.

Our data also show that Cx43 downregulation affected
the arterioles differently when challenged with BP lower-
ing or IOP elevation. Why this result might be the case is
likely to be related to the difference in hemodynamic impact
between BP lowering and IOP elevation. First, BP lowering
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was induced by withdrawing blood. Blood volume reduction
decreases shear stress, an important hemodynamic element
maintaining basal vascular tone.* In contrast, an equivalent
IOP elevation results in no change or only smaller decrease
of shear stress. The work of Blanco et al'® showed that, when
the basal vascular tone was low (larger diameter), the acti-
vation of glia drove vasodilation. In contrast, when the basal
vascular tone was higher (smaller diameter) activating glia
induced vasoconstriction.!® We speculate that BP lowering,
which decreases shear stress and arterial tone, might lead
to more glial activated to keep the vessel dilated compared
with IOP elevation. This result may account for our obser-
vation that Cx43 downregulation impact arterial response to
BP lowering (Fig. 7A) but not to IOP elevation (Fig. 9A).
Another difference in the hemodynamics between the two
approaches with regard to the venules is that the intravenous
pressure kept increasing at a few millimeters of mercury
higher than the IOP during IOP elevation,*~*” whereas no
change during BP elevation, although the net transmural
pressure in the venules remains similar in both OPP chal-
lenges.

The current results support a possible role for glial
cells in the active regulation of retinal venules. Retinal
venules, which lack smooth muscle cells, are thought to
passively regulate their diameter following the changes in
OPP and blood volume. When the extravenous pressure
or IOP increases, the venules are passively compressed
and act like a collapsible tube, such that upstream vascu-
lar resistance is increased to maintain the venular pressure
at levels slightly above the IOP, a mechanism known as
the Starling effect.®®->° The current results in control eyes
with a IOP elevation show that the diameter of arterioles
increased the venular diameter but decreased only slightly
(5%). This outcome is an indication that the venular blood
volume remained relatively stable owing to effective arteri-
olar autoregulation. However, in Cx43-downregulated eyes,
the arteriolar response remained similar to that observed in
control eyes, whereas the venular diameter following IOP
elevation was sharply reduced (Fig. 9, red curves). This find-
ing suggests that the venules are actively regulated by a
mechanism that depends on intact gap junction communi-
cation by glial cells.

The idea that glial cells contribute to venular regulation
is also supported by the significantly larger basal venu-
lar diameter (32%, n = 28), but no difference in arteri-
ole diameter in Cx43 downregulated eyes. Similar diameter
changes were observed in our previous study (33% larger)
after glial cells were inhibited pharmacologically.!! We also
previously showed that autoregulation is decreased when
the basal diameter is increased. Specifically, under hypercap-
nia, a decrease in the relative magnitude of vasodilation was
associated a larger basal vessel diameter.®’ Because there
was no change in the basal arteriolar diameter after Cx43
downregulation in this study, it is unlikely that the observed
effect (Fig. 7A) arises from a change in the basal tone. In
contrast, it is possible that the venules, having lost their basal
tone, follow the Starling law*® and behave more like a simple
collapsible tube. Taken together, our data show that glial
communication modifies the basal venular diameter as well
as the vasoreactivity of the venules to an OPP challenge and
thus support the conclusion that retinal venules are actively
regulated by mechanisms involving intact communication by
glial cells via their gap junctions.

This study has several limitations worthy of discussion.
Although the viral delivery system using an AAV8 serotype
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has been reported to have high specificity for retinal astro-
cytes,?®>! our Western blot results showed that there was
approximately a 40% downregulation of the total retinal
Cx43 protein compared with control eyes, suggesting incom-
plete Cx43 suppression. Although the immunohistochemical
stains and protein analysis confirm the downregulation of
Cx43, we do not have direct data to show that this change
functionally impacts glial signaling. Further investigation is
necessary to quantify the impact of Cx43 downregulation
on communication between glia and blood vessels. Another
consideration is that the vessel diameter is used here as
a surrogate for the assessment of vascular autoregulation,
rather than actual blood flow®2->% or tissue oxygen extrac-
tion.”> More subtle effects of inhibiting gap junction commu-
nication may be observed by measuring the changes in the
blood flow specifically. Moreover, we also acknowledge that
increasing the IOP may result in additional measurement
error introduced by an increased axial length. However, we
do not believe that changes in vessel diameter are due to
this potential confound because the increase in the arterio-
lar diameter with BP lowering (Fig. 7A) was actually greater
than that observed for IOP elevation (Fig. 9A). Further, there
was no problem using the active eye tracking function of
the confocal scanning laser instrument, which would have
occurred if there were significant changes in lateral magni-
fication.

In summary, this in vivo study using a viral deliv-
ery system to downregulate retinal Cx43 targeting GFAP
expressing cells resulted a in significant modification of
vasoreactivity to both BP- and IOP-induced OPP decreases.
These results show that glial cells via Cx43 communication
are involved in retinal vascular regulation in both arterioles
and venules.
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