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Pharmacological MRI of the Choroid and Retina: Blood
Flow and BOLD Responses During Nitroprusside Infusion

Yen-Yu I. Shih,'™ Guang Li," Eric R. Muir,’ Bryan H. De La Garza,’ Jeffrey W. Kiel,? and

Timothy Q. Duong'™*

Nitroprusside, a vasodilatory nitric oxide donor, is clinically
used during vascular surgery and to lower blood pressure in
acute hypertension. This article reports a novel application of
blood flow (BF) and blood oxygenation level dependent
(BOLD) MRI on an 11.7T scanner to image the rat chorioretinal
BF and BOLD changes associated with graded nitroprusside
infusion. At low doses (1 or 2 pg/kg/min), nitroprusside
increased BF as expected but decreased BOLD signals,
showing an intriguing BF-BOLD uncoupling. At high doses
(3—5 pg/kg/min), nitroprusside decreased BF and markedly
decreased BOLD signals. To our knowledge, this is the first
pharmacological MRI application of the retina. This approach
has potential to open up new avenues to study the drug-
related hemodynamic functions and to evaluate the effects
of novel therapeutic interventions on BOLD and BF in the nor-
mal and diseased retinas. Magn Reson Med 000:000-000,
2011. ©2011 Wiley Periodicals, Inc.
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Nitroprusside, a nitric oxide (NO) (1) donor, is widely
used to lower acute hypertension, to treat acute decom-
pensated heart failure (2,3), and to control blood pres-
sure during vascular surgery (4). Systemic infusion of
nitroprusside decreases blood pressure and increases
heart rate in humans and animals (5). Previous studies
with NO donors and nitric oxide synthase inhibitors
indicate that NO also plays an important role in ocular
blood flow (BF) regulation (6-8). Other studies have
shown that nitroprusside infusion increased retinal arte-
riolar and venular diameter (9,10) as well as choroidal
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BF (11) in animals. It also increased both venous and
arterial retinal diameter and retinal leukocyte flow in
healthy humans (12). NO dysfunction has been impli-
cated in glaucoma, diabetic retinopathy, and retinal
ischemia (6,13). Administration of nitroprusside can
reverse the secondary arteriolar vasoconstriction
observed after retinal branch vein occlusion so as to pro-
tect the retina against ischemic injury (14). Despite the
widespread clinical use of nitroprusside, its effects on
tissue perfusion and oxygenation in the retina remain
poorly understood.

Recently, MRI has been used to image quantitative BF
and relative tissue oxygenation in the retina. Blood oxy-
genation level dependent (BOLD) (15,16), BF (17), and
blood volume (18) changes in the retina associated with
physiological gas challenges have been reported. Visual
stimulations have also been studied using BOLD (19,20),
blood volume (21), and manganese (22) contrast. MRI
has been applied to study retinal degeneration (15,23),
diabetic retinopathy (24), and glaucoma (25) in rodents.
MRI also provides unique opportunities to study phar-
macological responses to drugs (26—31).

In this study, we used MRI to investigate the effects of
nitroprusside on chorioretinal BF and oxygenation in
rats. Graded nitroprusside was administered intrave-
nously, and BF and BOLD MRI were simultaneously
measured using the continuous arterial spin labeling
technique on an 11.7T scanner. Oxygen measurements
were also made with a fiber optic oxygen probe to cor-
roborate MRI findings. To our knowledge, this is the first
use-0f MRI to-study chorioretinal BF drug responses,

MATERIALS AND METHODS
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. Adult male Long-Evans rats (total n = 13, 250-
300 g; n = 10 for MRI studies and n = 3 for pO, mea-
surement) were initially anesthetized with 2% isoflur-
ane, intubated, and mechanically ventilated (Harvard
small animal ventilator, Model 683, Harvard Apparatus,
South Natick, MA). The respiratory rate of the ventilator
was set between 57 and 60 bpm. The right femoral artery
was then cannulated with PE-50 tubing for mean arterial
blood pressure (MABP) and arterial blood-gas measure-
ment (Model ABL5, Radiometer Inc., Westlake, OH).
MABP was continuously recorded via the arterial line to
a BIOPAC system (Acknowledge, Santa Barbara, CA).
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The right femoral vein was also catheterized with PE-50
tubing for sodium nitroprusside infusion. A 23-gauge
needle was inserted in the intraperitoneal space of the
animal and extended via PE-50 tubing for pancuronium
bromide administration (4 mg/kg/h).

After the surgery, the isoflurane level was reduced to
1.2-1.5% and the animal was then placed on a custom-
built head holder and secured with ear bars and tooth
bar. An atropine eye drop was applied topically to dilate
the pupil and reduce iris motion artifact (20). The body
temperature was maintained at 37.0 = 0.5°C using a
feedback-regulated circulating warm water pad. End-tidal
CO, was continuously monitored (capnograph, Surgevet)
and kept within normal physiological ranges. The heart
rate and blood oxygen saturation level were recorded
using a MouseOx system (STARR Life Science Corp.,
Oakmont, PA) and maintained within normal physiologi-
cal ranges. Arterial pCO, and pO, were measured and
kept between 35 and 40 and 90 and 110 mmHg, respec-
tively, unless otherwise noted.

MRI measurements were made during intravenous
nitroprusside (Sigma-Aldrich, St. Louis, MO) infusion of
1, 2, 3, 4, and 5 pg/kg/min in (n = 7, total 27 trials). The
order of various doses was randomized. For ease of pre-
sentation, these were also separated into two groups: a
low dose (1 and 2 pg/kg/min, iv) and a high dose (3, 4,
and 5 pg/kg/min, iv). Vehicle control (same infusion vol-
ume of saline) was performed in a separate group of ani-
mals (n = 3, total nine trials). A trial included 3-min
baseline, 3 min during infusion, and again 3-min base-
line. In the nitroprusside infusion group, three to five
trials of each dose of nitroprusside were repeated in
each animal with 10 min between trials to ensure that
MABP had returned to baseline, i.e., between 90 and 120
mmHg. Fiber optic oxygen measurements were made
under identical experimental conditions.

MRI Acquisition

MRI studies were performed on an 11.7T/16 cm magnet and
a 74 G/cm B-GA9S gradient insert (Bruker, Billerica, MA).
A custom-made small circular surface coil (ID ~ 7 mm)
was placed on the left eye. Magnetic field homogeneity
was optimized using FASTMAP shimming with first-
order shims on an isotropic voxel of 7 x 7 x 7 mm,
encompassing the entire eye. Scout images were
acquired to plan a single midsagittal slice bisecting the
center of the eye and optic nerve for subsequent imaging
to minimize partial-volume effect due to the retinal cur-
vature (32,33). Combined BOLD and BF functional mag-
netic resonance imaging (fMRI) was acquired using the
continuous arterial spin labeling technique (34) with sin-
gle-shot, gradient echo planar imaging acquisition, spec-
tral width = 192 kHz, pulse repetition time = 3000 ms,
echo time = 13.3 ms, labeling duration = 2.9 s, field of
view = 9 x 9 mm, slice thickness = 1 mm, acquisition
matrix = 90 x 90, yielding an in-plane resolution =
100 x 100 pm, and temporal resolution = 6 s. This spa-
tial resolution did not distinguish retinal and choroidal
BF, and thus the reported values are for combined
chorioretinal BF.
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Table 1
Arterial pO, and pCO, (mmHg) Before and During Nitroprusside
Infusion (n = 4, Total Seven Trials)

1 pg/kg/min 5 ng/kg/min
Baseline Nitroprusside Baseline Nitroprusside
Arteriefjoo +7 102 = 7 102 = 5 103 = 8
pOs
AﬂerieQSth 31 +2 312 30 =4
pCO,

Phantom studies confirmed nitroprusside which has a
diamagnetic iron (Fe®>") center exerted no T,* contrast at
very high concentration (100 ng/ml) as expected (data
not shown).

pO, Measurement

Vitreous pO. adjacent to the retina was measured by a
fiber optic pO, probe with a ruthenium compound tip,
whose fluorescence is quenched by oxygen (FOXY-
AL300; Ocean Optics, Dunedin, FL). Note that this mea-
surement primarily reflected retina tissue oxygenation
and was different from arterial pO, (35). Calibration of
the pO, probe was performed at 37°C in water equili-
brated with 0, 21, 30, and 100% O, using balanced N,.
The calibrated probe was inserted into the eye through a
21-gauge needle with a rubber valve to seal the space
between the probe and the needle so as to prevent intra-
ocular pressure change. The needle/probe was inserted
via a micromanipulator through the sclera into the vitre-
ous and advanced until it touched the retina. The probe
was then retracted about 500 pm (35). The location of
the probe was confirmed as revealed by a sudden change
in pO, reading by delivering 100% O to animals via the
ventilator, which increased vitreous pO.,.

Data Analysis

Image analysis was performed using custom-written pro-
grams in Matlab (Math-Works, Natick, MA), STIMULATE
(University of Minnesota), and Statistical Parametric
Mapping (SPM) as described previously (33,36). Briefly,
time-series MRI data were coregistered using Statistical
Parametric Mapping and Matlab codes. The nonlabeled
images of the time-series continuous arterial spin label-
ing data were taken as BOLD data. Cross-correlation
analysis of time-series data was performed using STIMU-
LATE to obtain activation maps, and the activated pixels
were sampled to generate time-course data. Percent
BOLD and BF changes in the retina were calculated and
displayed by scatter plots. Statistical analyses of blood-
gas and vitreous pO, data were performed by paired ¢
tests. MRI data in text were expressed in mean * stand-
ard deviation and compared by independent ¢ tests. P <
0.05 was used to indicate statistical significance.

RESULTS

The physiological parameters before and during the low-
est dose (1 wg/kg/min) and the highest dose (5 wg/kg/min)
of nitroprusside infusion are given in Table 1. Nitroprus-
side had no effect on arterial pO,, pCO,, and pH. Normal

ID: pachiyappanm | Black Lining: [ON] | Time: 20:17 | Path: N:/3b2/MRMT/Vol00000/110524/APPFile/JW-MRMT110524

T1


shihy
Sticky Note
Is it possible to put "arterial" and "pO2" in the same row? If not, please change all the arterial pO2 and pCO2 to PaO2 and PaCO2. Thank you. 


OO0

J_ID: Z3T Customer A_ID: MRM24112 Cadmus Art: MRMT24112 Ed. Ref. No.: 11-12695.R1 Date: 29-November-11

Chorioretinal phMRI During Nitroprusside Infusion

Basal BF£"

FIG. 1. Basal BF and nitroprusside-
induced BF and BOLD changes in the ret-
ina/choroid from a representative subject
(2 pg/kg/min, iv). Nitroprusside infusion
increased BF but decreased BOLD signal
in the retina/choroid.

MABP was 107 * 18 mmHg. Low-dose nitroprusside
decreased MABP by 18 = 11 mmHg (P < 0.01 versus
baseline), and high doses decreased MABP by 42 = 14
mmHg (P < 0.01 versus baseline). MABPs for the two

Nitroprusside (1-2 pg/kg/min)
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FIG. 2. Averaged pharmacological MRI time-courses. Yellow-

shaded regions indicate the nitroprusside infusion durations. a:
Nitroprusside infusion increased BF but decreased BOLD signal in
the retina/choroid at low dose (13 trials). b: At high dose, BF
showed sustained reduction and decreased BOLD signal (14 tri-
als). ¢: Saline infusion showed no effect on BF and BOLD signals
(nine trials).
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nitroprusside doses were statistically different from each
other (P = 0.0006).

Figure 1 shows the quantitative basal BF image, and
the BF and BOLD responses to 2 pg/kg/min nitroprus-
side infusion. Basal BF values in the chorioretina and
the ciliary body were high, whereas BF in the lens, cor-
nea, and vitreous were within noise level as reported
previously (32,37). Positive BF but negative BOLD
responses were observed in the chorioretina following
systemic nitroprusside infusion of 2 pg/kg/min, indicat-
ing a BF—BOLD uncoupling.

At 2 pg/kg/min dose, BF increased and BOLD signal
decreased (Fig. 2a), whereas at 4 pg/kg/min dose, BF
showed sustained reduction during nitroprusside infu-
sion and BOLD signal decreased (Fig. 2b). Group data
showed that the low dose (1-2 ng/kg/min, iv) of nitro-
prusside infusion increased chorioretinal BF by 22.2 =+
14.6% and decreased BOLD by 5.2 * 0.6%, whereas
high dose (3—5 pg/kg/min, iv) of nitroprusside infusion
decreased chorioretinal BF and BOLD by 18.4 *= 10.9%
(P = 0.00000002, compared with low dose) and 7.7 *
1.9% (P = 0.003, compared with low dose), respectively.
Vehicle infusion of the same volume showed no effect
(P > 0.05) on BOLD and BF signals (Fig. 2c). Figure 3
shows the BF and BOLD changes versus MABP (n = 7,
total 27 trials). Both BF and BOLD were correlated with
MABP decreases (r = 0.75, P = 0.000007 and r = 0.52,
P = 0.005, respectively). Positive BF responses were
observed with smaller MABP changes (i.e., <30 mmHg),
whereas negative BF responses were primarily observed
with larger MABP changes (i.e., >30 mmHg). BOLD
responses were negative in all 27 trials.

80 0
w 40 g
4 2 -3
c 20 ©
o S
S 0 o 6
-
@ -20 D &
X 40 2
-60 ° -12
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FIG. 3. Nitroprusside-induced arterial BP, chorioretinal BF, and
BOLD changes (n = 7, total 27 trials). Significant linear correlation
was observed between BF and MABP changes (P = 0.000007)
and between BOLD and MABP changes (P = 0.005). Positive BF
responses were mainly observed with smaller MABP changes
(i.e., lower nitroprusside dosage, red-shaded area), whereas nega-
tive BF responses were mainly observed with larger MABP
changes (i.e., higher nitroprusside dosage, blue-shaded area). No
positive BOLD response was observed across 27 trials.
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FIG. 4. Effect of nitroprusside infusion on vitreous pO, (at the vit-
reoretinal boundary) changes as measured by fiber optic oxygen
probe (n = 3). Both the lowest and the highest infusion doses
showed vitreous pO, reduction. The vitreous pO, changes were
significantly stronger with 5 than 1 pg/kg/min nitroprusside infu-
sion (P = 0.009). Error bars are SEM values.

Oxygen-electrode measurements showed that the vitre-
ous pO, at the vitreoretinal boundary decreased by —6.4
+ 2.9 and —19.9 = 5.8% at low and high dose, respec-
tively (Fig. 4). The vitreous pO, changes were signifi-
cantly different between the two doses (P = 0.009).

DISCUSSION

This study investigated BF MRI and BOLD MRI
responses to graded nitroprusside infusions in the rat
retina. The major findings are as follows: (i) nitroprus-
side has no effect on arterial pO,, pCO,, and pH but
decreased MABP in a dose-dependent manner, (ii) nitro-
prusside at low dose (1 and 2 pg/kg/min) evoked posi-
tive BF and negative BOLD responses with mild MABP
reduction, (iii) nitroprusside at higher dose (3, 4, and
5 pg/kg/min) evoked negative BF and larger negative
BOLD responses with large MABP reduction, and (iv)
nitroprusside decreases vitreous pO, (at the vitreoretinal
boundary) as measured by oxygen electrode in a dose-
dependent manner. To our knowledge, this is the first
pharmacological MRI application in the retina. These
results showed an apparent BF and BOLD uncoupling in
vivo and these findings could have important implica-
tions of tissue hypoxia for patients treated with
nitroprusside.

The advantages of BF MRI are that it can measure tis-
sue perfusion in classical quantitative units noninva-
sively with a large field of view that it is not depth lim-
ited (32). The disadvantages are it takes significantly
longer to acquire and it is not as cost effective compared
to optical techniques. BF MRI may have the unique
potential to image quantitative retinal and choroidal-spe-
cific BF without depth ambiguity in vivo if higher spatial
resolution can be achieved. Note that choroidal BF is
about seven times higher than retinal BF as measured by
continuous arterial spin labeling MRI in mice (37) and
11 times higher than retinal BF as measured by micro-
sphere technique in rats (38). In the present study, the
BF and BOLD MRI changes were likely dominated by
the choroid based on BF alone. It is possible that the ret-
inal and choroidal vessels may be affected differently by
nitroprusside and its effect on MABP. MRI may also
have potential to depict optic nerve hemodynamic
responses as shown in Fig. 1. However, this was not con-
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sistently observed across subjects as the RF coil was not
optimized for optical nerve imaging.

At high dose, nitroprusside decreased MABP by 42 =
14 mmHg and chorioretinal BF by 18%. BF showed
strong decreases without recovery to the baseline up to 6
min after the onset of infusion. This is likely due to
strong systemic vasodilation, resulting in large MABP
drop. Such MABP drop not only affected the retina but
also affected the entire body, which could cause “blood-
steal” effect away from the retina because other organs
have large mass substantially drawing more blood and
taking longer time to recover (39—41). The proportionally
greater drop in MABP than BF indicates chorioretinal va-
sodilation. Our findings are consistent with a rat study,
which showed that choroidal BF decreased linearly with
MABP when MABP dropped by more than 40 mmHg
(42). The drop in BF presumably led to the decreased
chorioretinal BOLD signal, since the arterial pO, and
pCO, were unchanged. This finding is consistent with a
nitroglycerin (another NO donor) study in which oxygen
saturation of the retinal venous blood fell 13% in
response to nitroglycerin, despite vasodilation of both
retinal arteries and veins (43).

At low dose, nitroprusside increased chorioretinal BF
by 22% despite a mild drop in MABP (18 * 11 mmHg),
in agreement with the 10-30% increases elicited in
human retinal BF by nitroprusside (0.5—2 pg/kg/min)
obtained with the blue field entoptic technique (12).
Nitroprusside has been reported to increase retinal arte-
riolar and venular diameter in rats (9,10) and humans
(12) and to dilate retinal and choroid vessels in new-
born pigs (11). In the present study, BF increase at low
dose likely occurred because the decrease in vascular
resistance was proportionally greater than the mild
MABP drop. BF showed recovery toward the baseline
before the end of infusion at both low and high nitro-
prusside doses. This may be associated with autoregula-
tion of the retinal circulation (44-46) and choroid (47),
which tends to counter the initial acute hypotension or
hypertension.

Surprisingly, BOLD signals decreased despite the cho-
rioretinal BF increase during low-dose nitroprusside.
Such BOLD-BF uncoupling is rarely reported in the
brain imaging literature. A brain fMRI study reported
widespread negative BOLD responses in multiple brain
regions after nitroprusside injection with only a few
areas (i.e., ventral hypothalamus and amygdala) showing
positive BOLD responses (48). BF was not measured in
that study. A likely explanation is that nitroprusside
dilates venous vessels. An increase in venous blood vol-
ume likely decreases BOLD signal in the choroid in the
absence of arterial pO, changes, which could explain the
BOLD-BF uncoupling. There is evidence in the treat-
ment of acute decompensated heart failure that nitro-
prusside rapidly increased venous capacity and reduced
arterial resistance (2,3). Another alternative explanation
is that nitroprusside increased oxygen consumption in
the retina. However, a positron emission tomography
study of the brain revealed no changes in oxygen con-
sumption associated with nitroprusside infusion (16 pg/
kg/min) (49), although MABP-BF regulation of the brain
might be different from that of the retina and choroid.
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Fiber optic oxygen measurements corroborated the
BOLD fMRI findings. Nitroprusside decreased vitreous
pO. by 6-20% in a dose-dependent manner, consistent
with similar oxygen-electrode measurements in rat (50)
and dog (51) brains, which reported that nitroprusside
produced hypotension and decreased brain tissue pO,. A
possible explanation for decreased vitreous pO, associ-
ated with nitroprusside could be due to the arteriove-
nous shunting effect of nitroprusside (51). Endrich et al.
(52) showed nitroprusside dilated arterioles and
decreased precapillary resistance but has less effect on
changing venular diameter, causing the arteriovenous
pressure gradient to be reduced by more than 50% and
decreased functional capillary density, thus tissue hy-
poxia. By contrast, nitroglycerin dilated both arterioles
and venules whereas no tissue hypoxia was observed.
Ogawa et al. (9,10) also found nitroprusside had a stron-
ger vasodilatory effect on retinal arteries than veins,
implying the arteriovenous pressure gradient could also
shift downward in the retina and induce retinal tissue
hypoxia.

Retinal and choroidal BOLD responses to hypoxic
challenge have been recently reported in mice using bal-
anced steady-state free-precession MRI (53). The signal
dropped 26% in the choroid and 11% in the retina
when breathing 10% oxygen, indicating MR BOLD sensi-
tivity to blood oxygen saturation in the retina/choroid.
BF was not measured in that study. The graded nitro-
prusside responses showed some similarities to those of
the mild and severe hypoxia responses reported in the
brain (54). As inhaled oxygen tension decreases below
~10%, cerebral BF increases and vessel dilate substan-
tially to compensate. BF increase is insufficient to bring
tissue oxygen tension to the same level as normoxia, and
thus BOLD signal decreases. There could also be an
increase in venous blood volume, which would further
reduce the BOLD signal, in addition to the oxygen ten-
sion change. As inhaled oxygen tension is decreased fur-
ther (<7%, dependent on other experimental condi-
tions), vessels become maximally dilated and MABP
falls, such that cerebral BF and BOLD signals decrease
precipitously.

CONCLUSION

This study demonstrates a novel MRI application to
study pharmacological effects in the retina. This nonin-
vasive MRI approach offers opportunities to investigate
ocular hemodynamics and to evaluate the effects of
novel therapeutic interventions on oxygenation and BF
in the normal and diseased retinas. Future studies will
improve spatial resolution to visualize potential differen-
tial responses in the retinal and choroid circulation as
they could be regulated differently (47,55,56) and could
have different susceptibility to MABP changes (57-59).
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