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PURPOSE. Disruption in blood supply to active retinal circuits is the earliest hallmark
of diabetic retinopathy (DR) and has been primarily attributed to vascular deficiency.
However, accumulating evidence supports an early role for a disrupted neuronal func-
tion in blood flow impairment. Here, we tested the hypothesis that selectively stimulating
cholinergic neurons could restore neurovascular signaling to preserve the capillary circu-
lation in DR.

METHODS. We used wild type (wt) and choline acetyltransferase promoter (ChAT)-
channelrhodopsin-2 (ChR2) mice expressing ChR2 exclusively in cholinergic cells. Mice
were made diabetic by streptozotocin (STZ) injections. Two to 3 months after the last
STZ injection, the rate of capillary blood flow was measured in vivo within each retinal
vascular layer using high speed two-photon imaging. Measurements were done at base-
line and following ChR2-driven activation of retinal cholinergic interneurons, the sole
source of the vasodilating neurotransmitter acetylcholine. After recordings, retinas were
collected and assessed for physiological and structural features.

RESULTS. In retinal explants from ChAT-ChR2 mice, we found that channelrhodopsin2
was selectively expressed in all cholinergic amacrine cells. Its direct activation by blue
light led to dilation of adjacent retinal capillaries. In living diabetic ChAT-ChR2 animals,
basal capillary blood flow was significantly higher than in diabetic mice without channel-
rhodopsin. However, optogenetic stimulation with blue light did not result in flickering
light-induced functional hyperemia, suggesting a necessity for a concerted neurovascular
interaction.

CONCLUSIONS. These findings provide direct support to the utility and efficacy of an opto-
genetic approach for targeting selective retinal circuits to treat DR and its complications.
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Impaired retinal blood flow, an early sign of diabetic
retinopathy (DR), is thought to be associated with deficits

in both neuronal and vascular elements.1 However, their
distinct contributions are not clear. Changes to the reti-
nal vasculature are shown to be a key factor at mani-
fest stages of DR, and accumulating evidence indicates
that neuronal signaling is affected much earlier than previ-
ously thought.2 In the retina, blood vessels occupy four
distinct laminae, creating spatially and functionally special-
ized domains that are positioned in the proximity to neuro-
transmitter release sites (Figs. 1A–D). Specifically, a deep
vascular lamina serves the outer plexiform layer, whereas
intermediate and sublaminar capillaries nourish the inner
plexiform layer.3 Surrounded by neuronal synapses, capil-
laries sense neuronal activity and adjust blood flow on
demand.4,5 The retinal arterioles are positioned in the super-
ficial lamina, outside of the synaptic contacts, and rely on a
“sensory” signal from the capillaries.

Among the diverse retinal neural networks that partic-
ipate in neurovascular interactions, the cholinergic system

is of particular interest. Acetylcholine (ACh) is a potent
vasodilator released by a class of genetically defined cholin-
ergic amacrine cells. The vascular targets of ACh are
muscarinic type 3 receptors (m3AChRs) on both endothe-
lial cells and pericytes.6 However, the action of ACh on
each of these cell types remains controversial, with reports
of diametrically opposed effects on capillary diameter.7–10

The potential sites of interaction are also poorly under-
stood, and may include blood vessels in both ON and
OFF sublaminae within the inner plexiform layer (IPL;
see Fig. 1C). Here, diving capillaries pass through cholinergic
synapses in the ON IPL plexus. Downstream, the capillaries
within the sublaminar vascular layer appear to be directly
targeted by OFF cholinergic cells.3 Therefore, a strategic
placement of cholinergic modulatory elements along tran-
sit capillary branches supports their critical role in retina
supply. Indeed, a recent analysis of brain vasculature indi-
cated that a significant fraction of the hemodynamic resis-
tance to blood flow lies within a vast capillary network.11 It
is estimated that a 6.7% change in capillary diameter could
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FIGURE 1. Cholinergic modulation of retinal vasculature. (A) Schematic of the laminar neurovascular network showing the first-order
arteriole (a) and venule (v) along with the capillaries. Connectivity of the superficial, sublaminar, intermediate, and deep vascular laminae
is shown within the retina layers (B). (B) Transmitted light image of a vertical cryostat section through the mouse retina. (C) Retinal vertical
section with blood vessels labeled by isolectin (magenta). Cholinergic amacrine cells, a source of acetylcholine, were immunolabeled for
choline acetyltransferase (ChAT, green). Scale bar 40 μm. (D) Hypothesized cholinergic regulatory targets on pericytes and endothelial cells,
leading to distinct capillary diameter changes. (E) Schematic presentation of established and proposed acetyl choline vasomotor actions.
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer.

account for 84% of the total blood change during functional
hyperemia.12

Multiple lines of evidence show that reduced blood
supply in DR is linked to the deficit in cholinergic cells13,14

making them both a significant factor in the DR pathophys-
iology and an attractive therapeutic target. However, the
exogenous applications of ACh exerts a paradoxical vaso-
constrictive action in retinal explants and isolated blood
vessels.7,9 This could be due to lack of both circuit speci-
ficity and spatial precision during pharmacological treat-
ment as well as the choice of the model. Among avail-
able models, we focused on a well-established streptozo-
tocin (STZ)-induced mouse model of DR.15 This model could
be easily induced without genetic manipulations, allowing
precise timing of DR onset. Within 2 to 3 months after induc-
tion it has no vascular leakage, pericyte drop out, or acel-
lular capillaries.15–18 In this early stage of DR, no signifi-
cant loss of ganglion cells was detected.15,19 In the later
stages of this model (6 months after STZ induction), acel-
lular capillaries, vascular cell apoptosis, and formation of
pericyte ghosts were detected.15,20 In contrast to delayed
anatomic changes, 4 weeks after STZ injection blood flow
was reduced21 and impairments in vasomotor responses
were evident after 2 to 3 months.16 Thus, this mouse model
of early DR allows timely separation of early blood flow
changes from later vascular and neuronal complications.
Here, in an STZ mouse model of diabetes, we combined a
targeted activation of cholinergic cells by genetic expression

of Channelrhodopsin-2 (ChR2) with an in vivo assessment
of capillary blood flow using two-photon imaging to test
the hypothesis that selective light-driven stimulation of ACh
released by its natural source - cholinergic amacrine cells -
will promote a vasodilatory response and rescue capillary
blood flow impairment in DR.

METHODS

In all experimental procedures, animals were treated accord-
ing to the regulations in the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research, in compli-
ance with protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of Weill Cornell Medicine
(WCM), and in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
The use and application of STZ were in accordance with
safety protocols approved by Weill Cornell Medicine’s Envi-
ronmental Health and Safety, Institutional Biosafety Commit-
tee, and Institutional Animal Care and Use Committee
Protection and Control subcommittee.

Experimental Animals

We generated a choline acetyltransferase promoter (ChAT)-
ChR2 mouse line in which a light-sensitive ion channel,
ChR2, is genetically expressed in all cholinergic amacrine
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TABLE. Body Weight and Glucose Measurements in Experimental Animals

1 D Before Injection 5 Wk After Injection 16 Wk After Injection

Group Weight, g Glucose mg/dL Weight, g Glucose mg/dL Weight, g Glucose mg/dL

Nondiabetic wt (6 mice) 19.9 ± 0.4 176 ± 14 25.1 ± 0.7 167 ± 13 30.9 ± 1.0 156 ± 24
Nondiabetic ChAT-ChR2 (8 mice) 20.0 ± 0.9 163 ± 11 26.0 ± 0.7 178 ± 13 30.8 ± 1.0 167 ± 18
Diabetic wt (6 mice) 22.8 ± 1.6 175 ± 9 24.2 ± 1.6 383 ± 107 26.8 ± 2.8 349 ± 77
Diabetic ChAT-ChR2 (8 mice) 21.9 ± 1.8 178 ± 10 24.9 ± 1.8 345 ± 49 27.8 ± 1.7 300 ± 36
ANOVA P = 0.001 P = 0.059 P = 0.043 P < 0.0001 P < 0.0001 P = 0.0003
Age 7 wk 12 wk 24 wk

*Number in parenthesis indicates number of animals in each group.

cells, under the ChAT. To create the ChAT-ChR2 mouse
line, we crossed homozygous ChAT-Cre mice (The Jack-
son Laboratory, B6; 129S6-Chattm2(cre)Lowl/J, stock
#006410) with ChR2-YFP homozygous reporter mice (The
Jackson Laboratory, B6;129S-Gt(ROSA)26Sortm32(CAG-
COP4*H134R/EYFP)Hze/J, stock #012569). ChR2-YFP
reporter is a lox-stop-lox line carrying LoxP sites flanking
the STOP cassette that is deleted upon Cre recombination
resulting in ChR2-YFP expression specifically in ChAT-Cre
expressing cells. Both lines were originally created on a
mixed C57BL/6;129 background. Upon arrival to Jackson
Laboratory, these mice were bred to C57BL/6 mice to
rederive their living colony. Thus, currently, both lines have
C57BL/6 background, therefore, C57BL/6 mice were used
as control animals. Diabetes was induced in two mouse
lines: C57BL/6 mice (Jackson Laboratory, stock # 000664,
RRID:IMSR_JAX:000664) and our ChAT-ChR2 mice. We used
the STZ diabetic mouse.15 Male mice aged 6 to 8 weeks
were fasted for 4 hours prior to the injections. The animals
were injected intraperitoneally on 5 consecutive days with
50 mg/kg STZ (Sigma-Aldrich, S0130) freshly dissolved in
a citrate buffer (pH 4.5). Control animals received a citrate
buffer injection without STZ. In our STZ mouse model of
diabetes, the levels of blood glucose reached maximum
elevation at 1 month after STZ injection and remained
elevated. The diabetes was defined by nonfasting blood
glucose greater than 250 mg/dL verified 1 month after
the last STZ injection and confirmed on the day of the
experiment. For recordings, diabetic animals were used 2 to
3 months after the last STZ-injection and their glucose was
consistently above 250 mg/dL. A table of blood glucose and
body weight of diabetic and nondiabetic mice is included
(Table).

Two-Photon Recordings of Retinal Capillary
Blood Flow

For the blood flow assessment in vivo, tail vein injec-
tion of 200 μl Sulforhodamine 101 (SR101, 10 mM; Sigma,
#S7635) was performed 10 minutes prior to anesthesia. Each
animal was initially anesthetized with a mixture of 75 mg/kg
ketamine and 7.5 mg/kg xylazine. As the imaging proce-
dure itself is not painful and we lost a few diabetic mice
anesthetized with a full dose of anesthesia, we decided to
decrease the anesthesia to half of the recommended surgi-
cal dose (surgical dose: 150 mg/kg ketamine and 15 mg/kg
xylazine). This was sufficient for stable experiments, with
all animals tolerating it well. The pupils were dilated with
a 0.5% tropicamide ophthalmic solution, and a coverslip
was placed on each eye with GONAK ophthalmic solu-
tion. Mice were mounted with a SG-4N mouse head holder

(Narishige) on an upright ThorLabs Bergamo II two-photon
microscope. During recordings, mice were placed on a heat
pad and covered with a blanket, to maintain physiological
temperature. Typically, capillary in nondiabetic wild type
(wt) animals could be imaged immediately (12–15 minutes
after single SR101 injection). This time point reflects maxi-
mum fluorescence in the capillaries. Capillaries in diabetic
mice could be imaged at around 25 to 35 minutes, often
after the second dose of SR101. Blood flow was measured
using a 10 × super apochromatic objective with a 7.77 mm
working distance and 0.5 NA (TL10X-2P; ThorLabs, Newton,
NJ, USA). Using a long working distance, we first placed
the objective as close to the eye as possible with the focus
beyond the retina and without any fluorescent illumination.
The focus was achieved in two-photon mode by moving the
objective away from the eye. SR101 was illuminated with
a 920 nm wavelength and the measurements were taken
at a rate of 116 to 400 frames per second, depending on
the size of the area of interest. At first, baseline blood flow
in control nondiabetic and STZ-treated mice was recorded
for 30 seconds. During this time, superficial, intermediate
and deep capillary layers were measured by manually focus-
ing through the retina; each layer was recorded for several
seconds. Following baseline recordings, the eye was illu-
minated for 40 seconds through the same objective using
a 480 nm blue LED flickering at 5 hertz (Hz). The optical
separation between 488 nm ChR2 excitation and the 600 nm
SR101 emission allowed simultaneous two-photon measure-
ments while illuminating with the LED. At the end of light
stimulation, each vascular layer was recorded for a total of
30 seconds. The time-lapse images were corrected for back-
ground, filtered with a Gaussian filter, and, when necessary,
stabilized in Fiji (National Institutes of Health [NIH]). A stabi-
lization plugin was used to eliminate strong movements of
capillaries during deep animal breathing. Blood flow was
estimated as the number of blood cells passing through a
capillary per second. This analysis was performed in Fiji by
plotting fluorescence profiles across blood vessels for every
frame. In the resulting plot, troughs indicate the passage
of a blood cell, which was darker relative to the plasma
labeled with SR101. The peaks were automatically detected
in Microsoft Excel and verified by visual inspection of the
original data.22

Wholemount Retina Preparation for In Vitro
Recordings

After euthanasia, both eyes were enucleated and placed
in bicarbonate-buffered Ames solution, constantly equili-
brated with 95% O2 and 5% CO2. All our measurements
have been made under consistent O2 levels across all exper-
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imental conditions. For the retina wholemount preparation,
the cornea, iris, and lens were removed and the retina
was dissected into four equal quadrants.23 Quadrants were
placed on the photoreceptor surface down on a modified
Biopore Millicell filter (Millipore, Burlington, MA, USA). This
preparation was transferred to a recording chamber on
the stage of an upright Nikon FN1 microscope equipped
with Hoffman modulation contrast optics and bathed (1
mL/min) with bicarbonate-buffered Ames solution (A1420;
Sigma, St. Louis, MO, USA). The following pharmacological
agents were added to the Ames solution to block photore-
ceptor input to cholinergic cells: iGluR antagonist, 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX, #C127, 10 uM; Sigma)
and mGluR6 antagonist, L-(+)-2-amino-4-phosphonobutyric
acid (L-AP4, #A212, 20 uM; Sigma). All experiments were
performed at a near physiological temperature of 32 deg
Celsius (°C). Whole-cell recordings were made from GFP
labeled ChAT-ChR2 expressing cells using patch pipettes
filled with an intracellular solution containing (in mM): 106
Cs-gluconate, 14 CsCl, 15 TEA-Cl, 1.0 CaCl2, 1.0 MgCl2, 11
EGTA, and 10 Na-HEPES, adjusted to pH 7.2 with cesium
hydroxide. Electrodes were pulled from borosilicate glass
(1B150F-4; WPI, Sarasota, FL, USA) using a P-97 Flam-
ing/Brown puller (Sutter Instruments, Novato, CA, USA) and
had a measured resistance of approximately 4 to 7 M�. All
recordings were obtained using a MultiClamp 700B patch-
clamp amplifier (Molecular Devices, Sunnyvale, CA, USA).
Data were filtered at 5 kHz with a four-pole Bessel filter and
were sampled at 15 kHz.

Light Stimulation

To activate channelrhodopsin of ChAT-ChR2 cells in living
retinal explants, the microscope’s illuminator was used to
deliver a 200 μm spot of light centered on the inner retina.
An aperture, a series of neutral density filters, the FN-C
LWD condenser (Nikon), and a Uniblitz shutter (Vincent
Associates) were used to control the size, intensity, focal
plane, and duration of the stimulus, respectively. Stimula-
tion routines were controlled by Signal 2 software (CED).
The tissue was light adapted at 30 cd/m2. The intensity of
the light stimuli was changed in steps of either 0.25 or 0.5
log units, ranging from 10 to 10,000 Rh*/rod/s above adapt-
ing level, covering the range of cone-mediated responses.

Antibodies and Other Reagents

Two antibodies to cholinergic cells were used: anti choline
acetyltransferase (ChAT, goat polyclonal, Millipore Cat #
AB144P, RRID:AB_2079751, 1:2000) and anti-vesicular ACh
transporter (VAChT, rabbit polyclonal, Alomone Labs Cat #
ACT-003, RRID:AB_2340929, 1:2000). The anti-ChAT anti-
body labels the cytoplasm of cholinergic cells including the
soma and fine processes, whereas anti-VAChT labels the
synapses of cholinergic cells. Blood vessels were visualized
by labeling with isolectin. Griffonia simplicifolia isolectin
conjugated to a fluorescent label were acquired from Invit-
rogen (GS-IB4 Alexa Fluor 568, I21412). The isolectin
stock solution was made using 500 μg of isolectin powder
dissolved in 500 μL of phosphate-buffered saline (PBS)-
calcium solution containing (in mM): 8.1 Na2HPO4 diba-
sic, 1.9 NaH2PO4 monobasic, 154 NaCl, and 1 mM CaCl2.
Isolectin stock solution was diluted 1:400 and applied with
the secondary antibodies that were conjugated to Alexa 568

(1:1000; red fluorescence; Molecular Probes), or Cy3 (1:1000;
red fluorescence; Jackson ImmunoResearch).

Immunohistochemistry

After in vivo blood flow recordings, the animals were eutha-
nized, and the eyes were removed and placed in bicarbonate-
buffered Ames’ medium (Sigma Aldrich, St Louis, MO, USA)
equilibrated with 95% O2 and 5% CO2. The cornea was
removed by an encircling cut above the ora serrata, then
the iris, lens, and vitreous were extracted. The remain-
ing eyecup, with the retina still attached to the pigment
epithelium, was submersion-fixed on a shaker with freshly
prepared 4% paraformaldehyde in 0.1 M PBS (pH = 7.3), for
15 minutes at room temperature. After fixation, the eye cups
were washed in PBS for 2 hours. Retinal eyecup preparations
were blocked for 10 hours in a PBS solution containing 5%
Chemiblocker (membrane-blocking agent; Chemicon), 0.5%
Triton X-100, and 0.05% sodium azide (Sigma). Primary anti-
bodies were diluted in the same solution and applied for 96
hours, followed by incubation for 48 hours in the appropri-
ate secondary antibody. In multilabeling experiments, eye
cup preparations were incubated in a mixture of primary
antibodies, followed by a mixture of secondary antibodies.
All steps were completed at room temperature. After stain-
ing, the tissue was flat-mounted on a slide, ganglion cell layer
up, and coverslipped using Vectashield mounting medium
(H-1000; Vector Laboratories). The coverslip was sealed in
place with nail polish. To avoid extensive squeezing and
damage to the retina, small pieces of a broken glass cover
slip (number 1 size) were placed in the space between the
slide and the coverslip. Retinal wholemounts were imaged
on a Leica SP8 confocal microscope using 20 x air and 63 x
oil objectives.

Statistical Analysis

Statistical analysis was performed in Excel using the t-test
function for two-group comparisons. The data are presented
as mean ± standard deviation (SD). To avoid introducing
nonindependent data into statistical analysis, first, multiple
samples from individual animals were averaged within each
subject, then the data between animals were compared.24

RESULTS

Capillary Blood Flow is Impaired Along all
Retinal Vascular Layers in Early Stages of DR

Reduced capillary blood flow is the earliest diagnostic hall-
mark of patients with DR. However, the majority of stud-
ies of diabetes in animal models focus primarily on later
stages of the disease, with manifest changes to vascular
structures and the blood retina barrier (BRB). Therefore, in
our animal model of diabetes, we first wanted to establish
the prevalence of capillary blood flow changes in early DR.
In male mice injected with STZ, a common model of type
1 diabetes, and age-matched sham controls, we measured
capillary blood flow 2 to 3 months after the last treatment.
As we previously reported, no signs of anatomic changes
to capillaries or BRB integrity were evident at this early
stage.16 To prevent morbidity of sensitive diabetic mice, a
light anesthesia was induced by administering half of the
recommended dose of anesthetic in all recorded groups (see
Methods). A high-speed two-photon imaging system (Thor-
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FIGURE 2. Retina capillary blood flow impairment during early stages of diabetic retinopathy. (A) Experimental paradigm of two-
photon imaging of retinal capillary blood flow in mice after tail vein infusion of sulforhodamine 101 (SR101). (B) After IV injection, SR101
is fully contained in the blood vessel lumen as shown in a high magnification image of an isolated retinal wholemount from nondiabetic
and diabetic mice. No endothelial cells or pericytes were labeled. Arrow shows a blood cell inside the lumen. Scale bar 10 mm. (C) In vivo,
following SR101 injection, the retinal arteries were well infused with SR101 in both nondiabetic and diabetic mice. The intensity of SR101
in capillaries of diabetic retina was less than in nondiabetic controls, indicative of reduces perfusion rate. Scale bar 25 mm. (D) By focusing
through the retina, each vascular layer could be identified and assessed separately. Red lines show examples of capillary crossings where
blood flow was measured. (E) Profiles through a time-lapse image of a capillary marked by red lines in D. Yellow lines indicate moving
averages. All peaks below the yellow lines were counted. (F) Basal blood flow, counted as number of peaks per second in E, in capillaries of
nondiabetic mice was significantly higher than in diabetic littermates. Six diabetic and six nondiabetic mice; N = total number of samples;
t-test was used for comparison.

Labs), equipped with a long-distance 10 x objective was used
to monitor capillary blood flow across all retinal vascular
layers. To visualize retinal vasculature and to enhance the
discrimination of blood cell movement within the capillar-
ies, a fluorescent contrast agent Sulforhodamine 101 (SR101)

was injected into the tail vein (Fig. 2A). In our extensive
testing of various contrasting reagents, such as fluorescein,
Evans Blue, or Sulforhodamine B, we found that the use of
SR101 was advantageous for the following reasons.22 First,
in our working application (see Methods), SR101 displayed
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minimal toxicity. This is in contrast to Evans Blue, which was
not well-tolerated by the animals. Second, SR101 remained
inside blood vessels of both nondiabetic and diabetic reti-
nas and was not released into surrounding tissue (Fig. 2B).
Third, in two-photon microscopy SR101’s excitation peak is
> 920 nm, which is red-shifted in relation to fluorescein (800
nm) and sulphorhodamineB (< 900 nm) and away from visi-
ble light. Fourth, it exhibits a high signal-to-noise ratio, thus
requiring reduced laser power.

In our experiments, capillaries in nondiabetic wt animals
could be imaged 12 to 15 minutes after single SR101 injec-
tion. In contrast, at 15 minutes following a single dose
of SR101, fluorescence levels were not sufficient for imag-
ing capillary blood flow in diabetic animals. Capillaries in
diabetic mice could be imaged at around 25 to 35 minutes,
often after a second dose of SR101. The poor filling of capil-
laries in diabetic retinas is likely because of their constriction
(Fig. 2B; compared with the shape of the red blood cells in
nondiabetic and diabetic retina). In contrast to capillaries,
large vessels appeared to be well-filled in diabetic mice (Fig.
2C).

To quantify blood flow, we imaged each vascular layer for
approximately 10 seconds at a rate of 116 frames per second
to directly monitor the rate of blood cells crossing an imag-
inary capillary region (Fig. 2D and Methods). To account
for heartbeat fluctuations during in vivo imaging, blood cell
crossing events were discriminated using a running average
threshold routine (Fig. 2E; Methods). This approach allowed
for a robust and direct assessment allowing the comparison
of capillary blood flow across individual vascular layers in
the living mouse eye. Using this protocol, we found that 2 to
3 months post STZ treatment the basal capillary blood flow
was significantly reduced in diabetic mice compared with
nondiabetic sham treated controls (nondiabetic, 6 mice, 42
samples: 43 ± 2 cell/s; diabetic, 6 mice, 42 samples: 36 ±
4 cell/s; t-test, P < 0.001; Fig. 2F). Notably, this capillary
blood flow reduction was evident at superficial (nondia-
betic, 6 mice, 12 samples: 44 ± 2 cell/s; diabetic, 6 mice,
12 samples: 36 ± 3 cell/s; t-test, P < 0.001), intermediate
(nondiabetic, 6 mice, 18 samples: 42 ± 2 cell/s; diabetic, 6
mice, 18 samples: 36 ± 4 cell/s; t-test, P < 0.001), and deep
(nondiabetic, 6 mice, 12 samples: 42 ± 3 cell/s; diabetic, 6
mice, 12 samples: 35 ± 5 cell/s; t-test, P < 0.001) vascular
layers. In addition to an overall reduction in resting circula-
tion, diabetic mice also exhibited capillaries with an appar-
ent stalled blood flow. These unusually slow capillaries were
detected across all vascular layers.

Selective Optogenetic Stimulation of Cholinergic
Amacrine Cells Dilates Retinal Vasculature

Because the retina lacks central vascular innervation, local
retinal circuits regulate proximal blood flow. Among numer-
ous vasoactive neurotransmitters, ACh is of particular inter-
est as it is a potent physiological vasomodulator that
is released by a genetically defined class of cholinergic
amacrine cells. Their target, m3AChRs have been shown
to be expressed by both vascular endothelial and mural
cells, including pericytes,6,9,10 with potentially diverging
outcomes to capillary diameter and blood flow. Therefore, in
our study, we tested the hypothesis that in vivo cell-targeted
stimulation of ACh release by its native source (choliner-
gic amacrine cells) will restore a physiological vasodilatory
response and rescue capillary blood flow impairment in

early diabetes (Fig. 3). For this purpose, we generated a
mouse line in which a light-sensitive cation channel, ChR2,
is genetically expressed in all cholinergic amacrine cells,
under the ChAT (Fig. 3A). Utilizing the Cre/LoxP system,
we crossed homozygous ChAT-Cre mice with a ChR2-YFP
reporter mouse. ChR2-YFP reporter is a lox-stop-lox line
carrying LoxP sites flanking the STOP cassette that is deleted
upon Cre recombination resulting in ChR2-YFP expression
in ChAT-Cre positive cells. In our experiments, we used
heterozygous ChAT-ChR2-YFP animals. In these mice, ChR2-
YFP expression overlapped 100% with ChAT immunoreactiv-
ity, suggesting that all cholinergic cells, and only cholinergic
cells, express the construct (Figs. 3B, 3C). Nondiabetic wt
and ChAT-ChR2 retinas had similar anatomy and distribution
of cholinergic cells. ChR2 is a transmembrane ion channel,
and, indeed, its expression was localized to the membrane
of the cholinergic cells, unlike ChAT, which was evenly
distributed in the cytoplasm of cholinergic amacrine cells
(see Figs. 3B, 3C). Therefore, ChAT-labeled cells may appear
to be smaller than ChR2-YFP visualized cholinergic cells. No
real change in size was detected. ChR2 was also expressed
by processes of both ON- and OFF-cholinergic amacrine
cells. Importantly, there was a robust innervation and ChR2
expression along the capillaries within the sublaminar vascu-
lar layer, the site of direct cholinergic interactions with the
microvasculature on its supply route to intermediate and
deep vascular layers.3 The vasculature of wt and ChAT-ChR2
retinas had similar appearance (Fig. 3D).

Next, we wanted to confirm that the expression of ChR2
was sufficient to activate cholinergic amacrine cells. For
this, we performed single cell patch-clamp recordings by
targeting ChR2-GFP-positive cells in freshly dissected nondi-
abetic retinal wholemounts. To confirm that the targeted
cell was indeed a cholinergic amacrine cell, it was back-
filled with Alexa 568, and included in the patch-pipette solu-
tion (see Fig. 3C, insert). Indeed, the recorded ChR2-positive
cell exhibited a characteristic starburst dendritic morphol-
ogy (Fig. 3E) and was further identified by ChAT immuno-
labeling (see Fig. 3C). ChR2-induced activity was induced
by light, in the presence of synaptic blockers (L-AP4, 50
uM, and CNQX, 5 uM) to block photoreceptor driven inputs.
Membrane potential recordings from cholinergic amacrine
cells in ChAT-ChR2-YFP mice showed an activation thresh-
old and temporal activity profiles consistent with a ChR2-
driven response.25 Next, we confirmed that selective stimu-
lation of cholinergic cells with ChR2-induced depolarization
would indeed trigger a vasomotor response comparable to
agonist-driven cholinergic activation. Consistently with this,
ChR2-assisted light activation of cholinergic amacrine cells
produced a modest dilation of both capillaries and precapil-
lary regions (Figs. 3G, 3H; 7.28 ± 3.87% increase over base-
line P = 0.03, and 10.87 ± 3.96% increase over the baseline,
P = 0.01, t-test, respectively. N = 15 each group).

In Vivo Optogenetic Stimulation of Cholinergic
Amacrine Cells Improves Basal Level of Capillary
Blood Flow in DR

After successful functional expression of ChR2 in choliner-
gic cells, we measured basal blood flow in retinal capillar-
ies of nondiabetic and diabetic ChAT-ChR2 mice, filled with
SR101 (Figs. 4A, 4B). Blood vessel shapes and permeability
to SR101 was not affected by the presence of ChR2 in cholin-
ergic cells. Both ON- and OFF-cholinergic cells were present



Optogenetic Restoration of Blood Flow in Diabetic Retinopathy IOVS | August 2020 | Vol. 61 | No. 10 | Article 44 | 7

FIGURE 3. Channelrhodopsin-2 (ChR2) assisted probing of the cholinergic pathways in nondiabetic retina. (A) Creation of ChAT-ChR2
heterozygous mice. (B) Confocal images in wt and ChAT-ChR2-YFP retinal wholemounts stained for ChAT (blue). In ChAT-ChR2-YFP, a robust
expression of ChR2 retina is visualized by YFP fluorescence (green). In this mouse, both ON and OFF ChAT-positive cells (blue) contain ChR2.
(C) In the same retinal ChAT-ChR2 wholemount shown in B, the GFP-positive ChR2-expressing cell was targeted for electrophysiological
recordings and backfilled with Alexa 568 included in recording pipette (arrow, red). Scale bar 50 μm. (D) Blood vessels were similar in
wt and ChAT-ChR2-YFP retinas. The site of potential interaction of ChR2-positive cholinergic cells (green) and blood vessels (magenta)
is located in the IPL. (E) Note a characteristic starburst appearance of the filled ChAT-positive amacrine cell from B. (F) Spiking activity
in current-clamp mode from the cell in E in presence of synaptic blockers (LAP4 and NBQX). Flashing pots of light of varying intensity
produced characteristic sustained and non-desensitizing ChR2-driven membrane depolarization. ND values represent the neutral density filter
attenuation of light from the light source. (G) ChR2-assisted light activation of cholinergic amacrine cells produces dilation of capillaries
and pre-capillary arterioles. Vasomotor response was measured when photoreceptor inputs were blocked by a mixture of CNQX and L-AP4.
Arrowhead points at region of dilation, allowing passage of a blood cell. Scale 30 μm. (H) Quantification of vasomotor response across
arterioles and capillaries from G; N = total number of samples; paired t-test.
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FIGURE 4. Basal retinal capillary blood flow is improved in ChAT-ChR2-diabetic animals. (A) Two-photon images of mouse retina
after tail vein infusion of sulforhodamine 101 (SR101). Large vessels and capillaries are well-filled with SR101. Scale bars 25 mm. (B)
Individual vascular layers where blood flow was recorded. Scale bars 25 mm. (C). After in vivo measurements, wholemount retinas of
ChAT-ChR2-diabetic animals were processed to assess ChR2 (green) and vesicular acetyl choline transporter (VAChT,magenta) labeling. (D)
Quantification of basal blood flow in capillaries of ChR2-diabetic and ChR2-nondiabetic mice. Eight diabetic and eight nondiabetic mice
Chat-ChR2 mice; N indicates total number of samples; t-test was used for comparison. (E) Filling of the retinal capillary with SR101 was
significantly different in diabetic mice, as reflected by the different artery to capillary and capillary to background ratios. In contrast, the
ratio between artery and background was similar for all lines. N = total number of samples; ANOVA was used for comparison.
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in diabetic ChAT-ChR2 mice, and ChR2 was expressed at
their membranes, including soma and processes (Fig. 4C,
green). Moreover, normal synaptic distribution of vesicu-
lar ACh transporter was observed in all cholinergic cells
(see Fig. 4C, magenta). Although the basal capillary blood
flow was statistically different between nondiabetic and
diabetic ChAT-ChR2 mice (nondiabetic ChAT-ChR2, 8 mice,
56 samples: 42 ± 3 cell/s; diabetic ChAT-ChR2, 8 mice, 56
samples: 40 ± 3 cell/s; t-test, P = 0.038), the greatest differ-
ence was detected in the intermediate layer (nondiabetic
ChAT-ChR2, 8 mice, 24 samples: 43 ± 2 cell/s; diabetic ChAT-
ChR2, 8 mice, 24 samples: 41 ± 3 cell/s; t-test, P = 0.005).
Blood flow in the superficial layer (nondiabetic ChAT-ChR2,
8 mice, 16 samples: 41 ± 3 cell/s; diabetic ChAT-ChR2, 8
mice, 16 samples: 41 ± 3 cell/s; t-test, P = 0.43) and deep
layer (nondiabetic ChAT-ChR2, 8 mice, 16 samples: 41 ± 2
cell/s; diabetic ChAT-ChR2, 8 mice, 16 samples: 40 ± 4 cell/s;
t-test, P = 0.41) was comparable.

Next, we compared basal blood flow in diabetic wt
(see Fig. 2) and diabetic ChAT-ChR2 mice (see Fig. 4).
Blood flow was significantly increased in all capillary layers
of ChAT-ChR2 mice: superficial layer (diabetic wt, 6 mice,
12 samples: 36 ± 3 cell/s; diabetic ChAT-ChR2, 8 mice,
16 samples: 41 ± 3 cell/s; t-test, P = 0.001), intermediate
(diabetic wt, 6 mice, 18 samples: 36 ± 4 cell/s; diabetic
ChAT-ChR2, 8 mice, 24 samples: 41 ± 3 cell/s; t-test, P <

0.001), and deep layer (diabetic wt, 6 mice, 12 samples: 35
± 5 cell/s; diabetic ChAT-ChR2, 8 mice, 16 samples: 40 ± 4
cell/s; t-test, P= 0.0035). In line with increased blood flow in
diabetic ChAT-ChR2 mice, their capillaries were also better
filled with SR101 as reflected by artery to capillary gradient
(nondiabetic wt, 6 mice, 18 samples: 1.88 ± 0.33; diabetic wt,
6 mice, 13 samples: 3.43 ± 0.83; nondiabetic ChAT-ChR2, 8
mice, 17 samples: 2.07 ± 0.30; diabetic ChAT-ChR2, 8 mice,
16 samples: 2.59 ± 0.46; ANOVA, P < 0.001) and capillary to
background ratio (nondiabetic wt, 6 mice, 18 samples: 18.7
± 2.9; diabetic wt, 6 mice, 13 samples: 9.4 ± 1.7; nondiabetic
ChAT-ChR2, 8 mice, 17 samples: 16.8 ± 2.0; diabetic ChAT-
ChR2, 8 mice, 16 samples: 14.4 ± 4.5; ANOVA, P< 0.001; Fig.
4E). As a result, diabetic mice with ChR2 had faster filling
of the capillaries (18–25 minutes) than diabetic mice with-
out ChR2 (25–35 minutes). We did not see any significant
leakage of SR101 from capillaries in any mouse line that is
supported by a similar artery to background ratios (nondi-
abetic wt, 6 mice, 18 samples: 35 ± 7; diabetic wt, 6 mice,
13 samples: 33 ± 13; nondiabetic ChAT-ChR2, 8 mice, 17
samples: 35 ± 7; diabetic ChAT-ChR2, 8 mice, 16 samples:
36 ± 10; ANOVA, P = 0.84).

Basal increase in capillary blood flow in diabetic ChAT-
ChR2 mice suggests that ACh release is important for regulat-
ing the basal tone of the capillaries because ChR2 was likely
active during the routine animal daylight activity preceding
blood flow measurements.

Optogenetic Boost of Cholinergic Cells did not
Rescue Functional Hyperemia in ChAT-ChR2
Diabetic Mice

Finally, we compared light-induced blood flow changes in
all four groups of mice. The animals were injected with
SR101 and, after recording of basal blood flow in all vascular
layers, were stimulated with a 30 second long 5Hz flicker-
ing blue light (480 nm; Fig. 5A). This light exposure was
estimated to be sufficient to directly stimulate both photore-

ceptors and ChR2 in cholinergic cells of ChAT-ChR2 mice.
Indeed, in nondiabetic wt mice, a significant increase in
blood flow was induced in the superficial (nondiabetic, 6
mice, 12 samples: basal 44 ± 2 cell/s and after stimulation 47
± 2 cell/s; paired t-test, P < 0.001) and deep (nondiabetic,
6 mice, 12 samples: basal 44 ± 3 cell/s and after stimula-
tion 47 ± 2 cell/s; paired t-test, P < 0.001) vascular layers.
However, whereas the majority of capillaries in the inter-
mediate vascular layer displayed an increased blood flow,
only few capillaries had a reduction in their blood flow, thus
eliminating the statistical significance of the change (nondi-
abetic, 6 mice, 12 samples: basal 42 ± 2 cell/s and after
stimulation 44 ± 3 cell/s; paired t-test, P = 0.13; 50% capil-
laries increased blood flow). This bidirectional change of
blood flow in response to the ChR2-activating light may be
a physiological way to redistribute blood flow between the
layers based on the neuronal demand. Similar trends were
observed in nondiabetic ChAT-ChR2 mice in the superficial
(nondiabetic ChAT-ChR2, 8 mice, 16 samples: basal 41 ±
3 cell/s and after stimulation 45 ± 4 cell/s; paired t-test,
P < 0.001), intermediate (nondiabetic ChAT-ChR2, 8 mice,
24 samples: basal 43 ± 2 cell/s and after stimulation 42 ±
4 cell/s; paired t-test, P = 0.08; 33% capillaries increased
blood flow), and deep (nondiabetic ChAT-ChR2, 8 mice, 16
samples: basal 41 ± 2 cell/s and after stimulation 45 ± 2
cell/s; paired t-test, P < 0.001) vascular layers. In contrast,
no functional hyperemia was evident in diabetic nontrans-
genic mice with no detectable blood flow changes in the
superficial (diabetic, 6 mice, 12 samples: basal 36 ± 3 cell/s
and after stimulation 37 ± 3 cell/s; paired t-test, P = 0.3),
intermediate (diabetic, 6 mice, 18 samples: 36 ± 4 cell/s;
and after stimulation 36 ± 4 cell/s; paired t-test, P = 0.4),
and deep (diabetic, 6 mice, 18 samples: 35 ± 5 cell/s; and
after stimulation 36 ± 6 cell/s; paired t-test, P = 0.3) vascu-
lar layers. In diabetic ChAT-ChR2 mice, little change in blood
flow was detected in the superficial (diabetic ChAT-ChR2, 8
mice, 16 samples: 41 ± 3 cell/s; and after stimulation 42 ±
3 cell/s; paired t-test, P = 0.023) but not in the deep layer
(diabetic ChAT-ChR2, 8 mice, 24 samples: 41 ± 4 cell/s; and
after stimulation 36 ± 6 cell/s; paired t-test, P = 0.4). In
the intermediate layer, blood flow did not change (diabetic
ChAT-ChR2, 8 mice, 16 samples: 41 ± 3 cell/s; and after stim-
ulation 41 ± 4 cell/s; paired t-test, P = 0.42).

DISCUSSION

The retina is one of the most metabolically demanding
organs in the human body; even small changes in blood
supply may contribute to vision loss. The goal of this study
was to test whether a gene-targeted optogenetic activation of
a potent vasoactive system of cholinergic cells would rescue
early capillary microcirculation disruption observed in DR.
Below, we discuss our major findings, potential mechanisms,
and their implications for the use of optogenetic approaches
as therapeutic strategies for early DR.

Targeting Neurovascular Unit Interactions for
Capillary Blood Flow Repair in DR

Here, we explored the efficacy of targeting a well-defined
neuronal cell population to prevent capillary blood flow
impairment, an early pathophysiological event in patients
with diabetes. The neurovascular approach may be an
effective therapeutic strategy for a number of reasons.
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FIGURE 5. Functional hyperemia is not restored in the retinas of ChAT-ChR2-diabetic mice. (A) Protocol for assessment of baseline
blood flow and functional hyperemia. (B) Changes of blood flow after stimulation with blue LED. Paired t-test. (C) Ratios of blood flow after
stimulation to the baseline, t-test. N = total number of samples. Six diabetic and six nondiabetic wt mice; 8 diabetic and 8 nondiabetic mice
ChAT-ChR2 mice.

First, because the disruption in retinal microcirculation far
precedes more obvious changes to the vascular structure and
BRB integrity, it provides a wide window of opportunity for
intervention. Second, targeting pathophysiological processes
at the onset of DR may lessen or prevent the progression of
DR-induced degeneration. Third, a systems approach target-
ing neurons, vasculature, and glia during early events may
prevent future complications in DR.

Due to high metabolic demand of brain tissue, the interac-
tions within the neurovascular unit, an ensemble of neurons,
and glia and vascular cells, have been increasingly recog-
nized as key factors in early pathophysiology in a broad

range of diseases.26 In response to light stimulation, reti-
nal cholinergic amacrine cells release acetylcholine that acti-
vates m3AChRs on vascular cells. However, the role of ACh
on endothelial cells and pericytes remains controversial.
Indeed, it has been suggested that the vasodilatory action
of ACh is linked to its activation of muscarinic m3AChRs
on endothelial cells, leading to NO synthesis and pericyte
hyperpolarization and relaxation.6 However, direct activa-
tion of m3AChRs on pericytes leads to their constriction.8

In our optogenetic stimulation paradigm, activation of ACh
release induced a significant vasodilatory response, result-
ing in an increase in basal capillary blood flow across retinal
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vascular layers, suggesting that both circuit and site-specific
ACh delivery may be required for the physiological dilatory
action of ACh (also discussed below).

Our data demonstrate an improved blood flow in the
superficial layer upon optogenetic stimulation, supporting
an active role for ON ChAT cells in activating mACh recep-
tors either on the superficial vasculature and/or diving capil-
laries. We cannot exclude that local activation of both OFF
and ON ChAT cells may also affect blood flow in upstream
precapillary regions and arteries by means of spreading
vasoactive signals along the gap-junction-mediated vascu-
lar relay27 (PMID: 30950036). Further dissection will require
identification of ACh release and diffusion dynamics, which
we are currently investigating in a separate study, by means
of ACh fluorescent sensors.28

Optogenetics as a Strategy to Treat Blood Flow
Impairment in DR

Since the expression of ectopic light-sensitive proteins for
the treatment of photoreceptor degenerative diseases,29 the
use of optogenetics as a therapeutic strategy has seen an
exponential growth in numerous retinal neuronal degen-
erative diseases.30,31 This study provides the first line of
evidence as to the applicability of optogenetic strategies in
amplifying cholinergic signaling to treat a systemic microvas-
cular disease, such as diabetes. Indeed, earlier studies of
STZ-treated rats exhibited reduced cholinergic-dependent
vasodilation within 2 to 6 week after the final STZ treat-
ment.13,14 This was concurrent with the onset of decreased
microcirculation in both diabetic rats32 and mice.33 However,
exogenous delivery of ACh has led to mixed outcomes
in retinal explant or isolated blood vessel models, indica-
tive of multiple signaling pathways in the cholinergic regu-
lation of blood vessel physiology (Fig. 1E).8,9 Not only
do these models lack the comprehensive physiological
support provided in vivo (blood pressure, temperature,
and ischemia), but the outcome was assessed by much
coarser metrics (e.g. BV diameter), than the capillary flow
rate analyzed in the present study. Moreover, the high
spatio-temporal resolution afforded by ChR2 in an organ
(the eye) naturally designed to focus the actuator (light)
in spatio-temporal coincidence to the region of natural-
stimulus processing (thus most likely to require metabolic
support) is far superior to bath application of ACh agonists.

Circuit specific strategies, such as optogenetic stimula-
tion of a genetically defined cell population, may also help
address another critical unanswered question in ACh action
on blood flow - local versus volume transmission.34 A recent
direct visualization of the spread of released ACh in the
hippocampus using the GACh sensor, a genetically encoded
ACh metabotropic fluorescent reporter, helped estimate the
spread constant of ACh transmission as within the range of
9 to 15 um.28 In relation to retinal anatomy, this translates
to a fraction of the IPL thickness, suggesting that ACh may
act with cellular and/or subcellular specificity. Importantly,
this also indicates that bath application of AChR modula-
tors, a commonly used route of administration, may be less
physiological than was previously understood. It is appeal-
ing, albeit not experimentally tested, that the lamina-specific
regulation of blood flow is linked to the prevalence of
BOLD functional magnetic resonance imaging (fMRI) signal
at light flicker offset.35 Thus, the optogenetic approach
may prove advantageous to pharmacological application of

AChR agonists as it utilizes a natural retinal stimulus: light.
Indeed, optogenetic stimulation enables a tissue specific
and spatially accurate delivery of ACh, which cannot be
accomplished by any conventional pharmacological treat-
ment strategies. The surprising outcome that ChR2 stim-
ulation did not improve flicker-induced increase in blood
flow may be due to a simultaneous dilation of both capil-
laries and arterioles, thus reducing blood pressure. In light
of OFF- cholinergic cell processes densely innervating the
sublaminar vascular plexus,3 a potential solution would be
to selectively target the ON- and OFF- cholinergic cell popu-
lations with opsins sensitive to different wavelengths. Future
experiments aimed at discriminating the anatomic structures
driving basal blood flow from functional hyperemia will
prove particularly helpful. In conclusion, there is accumu-
lating evidence that progression of DR involves changes to
all components of the neurovascular unit - neurons, glia,
vascular contractile cells, and endothelium.1 The findings of
this study provide direct support to the utility of an optoge-
netic approach to target distinct retinal circuits for treating
DR and its complications.
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