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Abstract

Purpose—The present study aimed to quantify retinal and choroidal blood flow (BF) during
light, dark adaptation and flicker light stimulation using the microsphere technique.

Materials and Methods—Adult male Sprague—Dawley rats were anesthetized with isoflurane.
Eyes were dark (Group I, n=8), light (Group Il, n= 8) adapted or stimulated with 10Hz flicker
light (Group I11, 7= 10). Retinal and choroidal BF were measured by a previously established
method, using a mixture of 8 um yellow-green and 10 um red fluorescent microspheres. The
microspheres were counted ex vivo in the dissected retina and choroid and in the reference arterial
blood under a fluorescent microscope.

Results—The choroidal BF was 64.8 + 29 pl/min (mean £ SD) during dark adaptation, not
significantly different from that during light adaptation (66.0 = 17.8 pl/min). The retinal BF was
13.5 + 3.2 pl/min during 10 Hz flickering light stimulation, significantly higher than that during
dark adaptation in the control fellow eyes (9.9 + 2.9 pl/min). The choroidal BF values were not
statistically different between flicker stimulation and dark adaptation. Retinal BF was 11.6 + 2.9
pl/min during light adaptation. Dark adaptation did not increase retinal BF (Group I, 8.2 £ 2.4 pl/
min; Group 1, 9.9 + 2.9 pl/min).
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Conclusions—These findings argue against a dark-induced or flicker-induced functional
hyperemia in the choroid as a result of the demands of the outer retina. Retinal BF was not higher
during dark adaptation. Our data support the conclusion that the inner retina has a higher energy
demand in flicker conditions relative to dark.
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Introduction

Methods

The retina is nourished by both the central retinal artery and the choroidal circulation in
most mammals to maintain proper function and the metabolic needs of the retina. The blood
flow (BF) and its regulation differ significantly between the two circulations. Basal
choroidal BF is higher compared to retinal BF. The choroid is more responsive to neural and
myogenic stimuli,! while the retinal circulation is more responsive to retinal metabolism.2-3

The effects of flickering light stimulation (flicker), and dark and light adaptation on ocular
BF have been studied using various techniques (see Riva et al.2 for review). Retinal BF
responses to flicker have been studied in humans, monkeys and cats.24° There is a
consensus that retinal BF increases during flicker245 and choroidal BF is unchanged.b By
contrast, BF responses to light and dark adaptation are controversial. Retinal BF has been
reported to increase after the transition from light to dark in humans.” Other studies showed
human retinal BF transiently increased following the transition from dark to light,8 while the
subfoveal choroidal BF decreased from light to dark.®:10 Retinal BF responses during light
and dark adaptation have been reported to increase in some animals and decrease in
others.11 Moreover, ocular BF responses to flicker, light and dark adaptation have not been
previously assessed in rats, although rats have been widely used as models of retinal
diseases.

We recently modified the traditional microsphere method by comparing various microsphere
size and dose to enable reliable retinal and choroidal BF measurements specifically in rats.12
We demonstrated that microspheres smaller than the most commonly used size of 15 um are
required to reliably measure rat ocular BF. The optimal dose and size of the microspheres
used in rats was 2.5 million and 8 um diameter for the retina; and 0.5 million and 10 pm
diameter for the choroid due to different capillary sizes between the two vascular beds. By
using a mixture of the two different-sized fluorescent microspheres with two different
colors, the retinal and choroidal BF can be measured in the same animals. This modified
microsphere technique has been effectively used to detect retinal and choroidal BF changes
induced by hypocapnia and hypercapnia in rats.13

The current study investigated retinal and choroidal BF in light and dark adaptation, and
during flicker in rats using this modified approach.12

Animal Preparation

All animal experiments were performed with IACUC approval and in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The animal
preparation was similar to that reported previously.1#15 Adult male Sprague-Dawley rats (17
= 26, 250-300g) were anesthetized with 2% isoflurane, intubated and ventilated (Harvard
apparatus, Model 683, South Natick, MA). The respiratory rate of the ventilator was set

Curr Eye Res. Author manuscript; available in PMC 2013 August 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shih et al.

Page 3

between 57 and 60 stroke/min. End-tidal CO2 was continuously monitored by a capnometer
(Surgivet V9004, Waukesha, WI) and kept within normal range (3-3.5%). A regulated
heating pad was used to maintain body temperature at 37°C. The right femoral artery was
cannulated with PE50 tubing for mean arterial blood pressure (MABP) and blood-gas
measurement. MABP was continuously monitored via the arterial line by a BIOPAC system
(Acknowledge, Santa Barbara, CA) and was maintained between 90 and 110 mmHg as
needed using hetastarch (0.5-1.5 ml/animal, i.v.). The left femoral artery was cannulated
with a PE10 tubing for collecting the reference blood sample of circulating microspheres
during the BF measurement. The right femoral vein was also catheterized for drug
administration (e.g. heparin, pancuronium bromide and hetastarch). After surgery, the
isoflurane level was reduced to 1.2-1.5% and the animal was then positioned in a custom-
built head holder. Atropine (1%, topical, Bausch & Lomb, Tampa, FL) was applied to dilate
the pupil. Pancuronium bromide (3 mg/kg, i.v.) was administered to paralyze the animals.
Before the BF measurements, arterial PaCO, was measured (IRMA, Series 2000, DiaMedic,
St. Paul, MN) and maintained within normal physiological ranges by adjusting the tidal
volume. Arterial PaO, was not recorded. A previous study with similar ventilation
parameters and identical anesthesia resulted in a PaO, of 100-105 mmHg.15

Light, Dark Adaptation and Flicker Light Stimulation

In Group 1, the rat head was placed into a custom-made cover for dark adaptation for at least
30 min (n=8). In Group Il, rats were light adapted for 30 min (n= 8) using calibrated LED
achromatic light sources placed on the holder at a fixed distance from the eyes'6-17 to ensure
the same luminance exposure (17,500 cd/m?) across animals. Retinal and choroidal BF
values from both eyes were averaged and compared between Groups | and Il with an
unpaired #test. In Group 111, 10Hz achromatic flicker (50 ms pulse width, flickering
between dark and 35,000 cd/m?2) was applied to one eye while the control fellow eye was
covered and dark adapted (7= 10). In the flicker study, retinal and choroidal BF for the
flicker-stimulated eye was compared with the dark-adapted fellow eye, which allowed the
use of a paired #test and minimized intrasubject variation.

Microsphere Experiments

The retinal and choroidal BF was measured using a previously optimized microsphere
technique for the rat eye.12 The BF cannot be accurately measured without using optimized
microsphere size and dose. A mixture of 2.5 million 8 um yellow-green (absorption/
emission: 505/515 nm) and 0.5 million 10 wm red (absorption/emission: 580/605nm)
fluorescent microspheres (FluoSpheres, Molecular Probes, Eugene, OR) were used. The
microspheres were suspended in a 350-550 .l solution of 0.15M NaCl and 0.05% Tween
20. The suspension was stored in a 37°C water bath and sonicated for 10-20 s immediately
before injection. Our previous study showed that this technique is able to detect up to 80%
increases in retinal BF under hypercapnic challenge (from PaCO, of 35 mmHg to 45-50
mmHg) while the choroidal BF was not affected. A statistic power calculation based on our
pilot data showed that at a probability of 5% and a power of 80% with unpaired #test
requires 12 and 18 animals to demonstrate a 25% difference in retinal and choroidal BF
between two groups, respectively.

A 2 cm vertical incision was made along the midline of the abdomen below the xiphoid. The
incision was kept open using an ocular speculum to allow the apex of the heart to be
visualized through the diaphragm. Heparin (0.5-1 mg/kg, i.v.) was administered to prevent
blood clotting. A 27-gauge needle, connected to 15 cm PESO0 tubing, was inserted into the
left ventricle through the diaphragm. Slight pressure toward the heart was applied to hold the
needle position. A mixture of dual-size microspheres was then injected into the left
ventricle. The injection duration was 35-40s. An arterial blood sample was collected for 1
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min starting at the onset of microsphere injection. The animals were then euthanized by
euthansol (0.2 ml, Delmarva Laboratories Inc. Fort Worth, TX)

Both eyes were enucleated. The anterior portion of the eye, ~2mm behind the limbus, was
removed (including cornea, iris, lens and ciliary body). The entire retina was dissected from
the remaining eyecup and flat-mounted on a glass slide. The choroid together with the
underlying sclera was flat-mounted with four tension-relief cuts. The tissue was sealed with
fluorescence mounting medium (Vectashield, Vector Laboratories, Burlingame, CA) and
cover slips. The microspheres were counted in the retina and the choroid under a fluorescent
microscope with an image analysis system (Bioguant, R&M Biometrics Inc., Nashville,
TN). The microspheres in the arterial reference blood samples were also counted after the
blood was hypo-osmotic hemolyzed and analyzed in a hemocytometer counting chamber
(Hausser Scientific, Horsham, PA). The BF per tissue was calculated using the following
equation:

number of microspheres per tissue

number of microspheres in reference blood

For Groups | and I, BF data from both eyes were averaged and comparison was made
between light (Group 1) versus dark (Group 1) adaptation. For Group 11, BF for the flicker-
stimulated eye was compared with the dark-adapted fellow eye in the same animals.
Statistical analysis was performed by unpaired (Group I and 11) and paired (Group I11) &
tests. A p<0.05 was set as the level for rejecting the null hypothesis.

The arterial pCO2, pH and MABP values in dark adaptation, light adaptation and flicker
light stimulation groups are summarized in Table 1. Arterial blood was sampled from the
femoral artery. No significant differences (p>0.05) were observed between groups except
the flicker group (Group I11), which had a slightly higher baseline MABP compared with the
other groups.

The present study had two experimental goals: (i) compare retinal and choroidal BF during
light and dark adaptation and (ii) compare retinal and choroidal BF during flicker. Figure 1
shows representative fluorescent images of the retina and choroid. The green (8 pm)
microspheres were counted for the retina and the red (10 m) microspheres were counted
for the choroid. The retinal BF values measured during dark (Group I, 7= 8) and light
(Group I, 7= 8) adaptation were 8.2 + 2.4 (mean £ SD) and 11.6 £ 2.9 pl/min per tissue,
respectively (Figure 2). In the choroid, the corresponding BF values were 64.8 + 29 and 66.0
+ 17.8 pl/min per tissue, respectively. The BF values between dark and light adaptation
were significantly different in the retina (o= 0.02), but not in the choroid (p= 0.92).

The retinal BF values in the flicker-stimulated and dark-adapted eyes (Group I11, 7= 10)
were 9.9 £ 2.9 and 13.5 + 3.2 pl/min per tissue, respectively (Figure 3). In the choroid, the
corresponding BF values were 80.3 £55.6 and 77.5 + 58.8 p.I/min per tissue, respectively.
The mean BF values between dark-adapted and flicker-stimulated eyes were significantly
different in the retina (o = 0.0002), but not in the choroid (p= 0.52, paired £test).

To further verify whether light adaptation increases retinal BF, comparison was made
between (i) Group | and the dark-adapted eye in Group 111 and (ii) Group Il and the dark-
adapted eye in Group I11. As expected, no significant difference was found between the dark
adapted retinal BF values in Groups | and I1l. However, although there was a tendency for
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BF to be slightly higher in light, the difference between dark-adapted retinal BF in Group 111
and light-adapted retinal BF in Group Il was not significant (p = 24). This result argues
against the conclusion drawn from Figure 2.

Discussion
Light Versus Dark Adaptation

The metabolic energy demand to maintain the “dark current” during dark adaptation in the
outer retina has been shown to be higher than during light adaptation.18:19 Light adaptation
has been shown to reduce oxygen consumption by 40%, glucose consumption by 44% and
lactate formation by 63% in the pig outer retina relative to dark adaptation.20 Similarly, light
adaptation has been shown to reduce oxygen consumption by 18-50%,321 glucose
consumption by 48% and lactate formation by 38% in the cat outer retina relative to dark
adaptation.?! Outer retinal oxygen consumption has been shown to increase by 47.8% when
dark-adapted compared with light-adapted.22 Dark adaptation has been shown to increase
manganese uptake (which is associated with increased calcium activity) in the rat outer
retina using MRI1.23 To support the increased metabolic needs in dark relative to light, it is
conceivable that both retinal and choroidal BF could increase (i.e. functional hyperemia).

Choroidal Circulation—The available evidence argues against a dark-induced functional
hyperemia in the choroid. Laser Doppler flowmetry measurements in humans indicate a
decrease in dark-adapted subfoveal choroidal BF of 18%° and 8-12%.10 In the present
study, we found no significant choroidal BF differences between light versus dark
adaptation, similar to the data reported by using the hydrogen clearance method.24 By
contrast, there is evidence for a light-activated neural vasodila-tory reflex in the choroid of
birds.2° The discrepant findings could be due to the differences in species, anesthesia, BF
measurement techniques or experimental conditions (e.g. light levels and adaptation
duration), all of which warrant further investigation.

Most available evidence suggests that outer retinal oxygen/glucose consumption is increased
when the retina is fully dark adapted, but the choroidal BF is unaltered. The neurovascular
coupling between the outer retina and choroid is still unclear. We suspect that the choroid
does not show a clear response to the outer retinal metabolism because a chemical signal
generated from the photoreceptors would have to cross the retinal pigment epithelium,
Bruch's membrane and the choriocapillaris to affect the regulatory system in the choroidal
arterioles. The signal may become significantly weakened by enzymatic degredation, uptake
systems and choriocapillaris washout over the long diffusion distance. To our knowledge,
there is also no direct neural connection between the photoreceptors and choroidal arterioles.
It is also possible that the high basal choroidal BF is sufficient to maintain adequate oxygen
supplies irrespective of light or dark adaptation. The arteriovenous gradient of nutrients and
waste products from the metabolism of the outer retina may also be low. Therefore,
increased metabolic demand might be compensated by increasing extraction from the blood
without the need for BF to increase.26

Retinal Circulation—The energy demand on the retinal circulation between light and
dark adaptation is, by contrast, complicated. First, it is possible that the increased energy
metabolism in the outer retina in the dark could induce functional hyperemia in the retinal
circulation. Human retinal BF velocity increased 40-70% from light to dark as measured by
laser Doppler velocimetry.”:19 The authors suggested that this is driven by increased oxygen
consumption in the dark by the photoreceptor—RPE retinal pigment epithelium complex. In
contrast, human retinal BF transiently increased (~37%) following the transition from dark
to light.8 Moreover, retinal BF was reported to increase in some animals and decrease in
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others from light to dark adaptation in cats.1! Our data from Group | (dark-adapted) and
Group 11 (light-adapted) showed higher retinal BF in light. However, the retinal BF in the
dark-adapted eye from Group Il showed no significant difference from Group II. In short,
our data argue against a dark-induced functional BF increases in the retina. This is perhaps
not surprising because the choroid, not the retinal circulation, supports the outer retina.2”
Since the retinal circulation predominantly supplies the energy demand from the inner
retina,28 the retinal BF is expected to couple strongly to the energetic demands of inner
retina. Previous studies using 3H-2-deoxyglucose autoradiography,2® oxygen
microelectrodes®?31 and direct measurement of metabolites, 23:33 however, showed no
difference in inner retinal metabolism between dark and light adaptation. A possible reason
is that the neural activities of the ON and OFF bipolar cells could balance out the difference
between light and dark adaptation, resulting in no net activity changes in the inner retina
between light and dark. Though there are several studies showing no retinal metabolism
changes in light, it has been reported that nitric oxide (a potent vasodilator that is released in
increased neural activity) in the vitreous adjacent to the rat retina decreased during dark
adaptation and increased in light.34 Our recent data using high-resolution manganese-
enhanced MRI (20 x 20 um inplane resolution) also showed significantly higher calcium-
weighted neuronal activity in the outer retina during dark adaptation as expected.
Interestingly, inner retina showed higher activity during light adaptation compared to the
dark-adapted fellow eye.3 The discrepancies in the published literature could be due to
differences in luminance of light adaptation, which was as high as 17,500 cd/m?2 in our
study. At such high luminance, the neuronal activity and temperature in the retina might be
higher compared with that under lower luminance. Whether the increased BF is a direct
response to different metrics of “neural” activities (such as glucose consumption or oxygen
consumption) during neurotransmission warrants further investigation. It should be noted
that the BF difference between light and dark may also be exaggerated by the variation of
BF between groups (see below).

Flicker Light Stimulation

Choroidal Circulation—Consistent with other studies,®36 we found rat choroidal BF to
be largely unresponsive to flicker stimulation. It has also been reported that there were no
changes arteriovenous difference in O, saturation in the choroid during 10 Hz flicker
stimulation in rats.3” A recent study using contrast-enhanced fMRI showed that the
choroidal blood volume was also not responsive to changing flicker stimulation frequency,
luminance and color.16

Retinal Circulation—Retinal BF has been reported to increase by 30-50% during flicker
stimulation in humans, monkeys and cats.2# A contrast-enhanced blood-volume fMRI
study depicted tuning curve characteristics in the rat inner retina in response to changing
flicker stimulation frequency, luminance and color.16 Our current findings showed a 36%
increase in rat retinal BF, in agreement with the above-mentioned published studies.
Consistent with retinal functional hyperemia, flicker stimulation increased glucose
consumption and lactate formation in the pig retina.2? Retinal arteriovenous oxygen tension
difference during 10Hz flicker stimulation also increased 50% in rats and 60% in humans.38
In short, the results for flicker light in the literature are consistent and our findings on flicker
stimulation are in general agreement. Note that the light used for light adaptation (17,500 cd/
m?2) and flicker (35,000 cd/m?) in the present study was very strong for the rod-dominated
rat retina. It is possible that the flicker may have light-adapted the eye and led to similar
changes in metabolism and flow compared with steady light. Hence, comparison between
light adaptation and flicker in the present study needs to be made with caution. We suspect
that flicker light stimuli may evoke higher retinal BF than light adaptation in the range of
10-100 cd/m?.
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The potential drawback of the present study is that the light versus dark adaptation study
was performed in two separate groups of rats. The BF from both eyes were averaged and
compared. The flicker versus dark study was performed in the same group of rats. The
flicker light was only applied to one eye and the fellow eye was covered as dark adaptation.
This was because the original intent was only to measure basal retinal and choroidal BF
values in albino rats (which has not been done previously) and the functional modulation
experiments were added later on. A better experimental design would be to compare light
versus dark adaptation in the same group of rats as that in the flicker group.

Conclusions

The present study investigated retinal and choroidal BF during light, dark adaptation and
flicker light stimulation in rats. The retinal BF increased during light adaptation and flicker
light stimulation. Choroidal BF was unresponsive to light—dark adaptation and flicker
stimulation. Our current findings argue against a dark-induced functional hyperemia from
the demands of the outer retina, but show no significantly higher retinal BF during dark
adaptation. To our knowledge, this is the first study to examine retinal and choroidal BF
response to light, dark adaptation and flicker light stimulation in rats. Future studies will
apply these techniques to investigate whether the retinal and the choroidal BF regulate
differently in retinal disease models such as diabetic retinopathy, retinal degeneration and
glaucoma.
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Choroid

Figure 1.

Representative fluorescent images of the retina and choroid. The retinal and choroidal BF
values were determined by dividing the numbers of green (8 um) microspheres in the retina
and red (10 wm) microspheres in the choroid to the corresponding numbers in the arterial
reference blood.
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Figure2.

The retinal and choroidal BF measured during dark (Group I, 7= 8) and light (Group Il, n=
8) adaptation with dual-size and dual-dose mixed fluorescent microspheres. The luminance
level for light adaptation was 17,500 cd/m2. The retinal BF was significantly higher during
light adaptation compared with dark adaptation, while choroidal BF showed no change.
*p<0.05, error bars are SD. Note that retinal BF showed no significant difference between
Group Il and the dark-adapted eye in Group IlI.
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Figure 3.

The retinal and choroidal BF measured during dark and flicker light stimulation (Group IlI,
n=10). Flicker light stimulation at 10Hz and 35,000 cd/m? was applied to one eye (in
pseudo-random order) by the LED light source while the other eye was covered and dark
adapted. The retinal BF was significantly higher during flicker light stimulation compared
with dark adaptation, while choroidal BF showed no change. *p<0.05, error bars are SD.
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Table 1

Avrterial pCO,, pH and MABP (in mmHg) values in dark adaptation (n7= 8), light adaptation (/7= 8) and
flicker light stimulation (/7= 10) groups.

Dark adaptation  Light adaptation  Flicker stimulation

Arterial pCO, 37.6+4.7 406 +2.1 39.2+23
Arterial pH 7.46+0.1 7.43+0.1 7.47+0.1
MABP 93.2+10.7 94.6 £8.7 108+98%

Arterial blood was sampled from the femoral artery. Data were presented as mean + SD.

*
p<0.05 compared with other groups.
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