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Abstract

Retinal degeneration-1 (rdZ) mice are animal models of retinitis pigmentosa, a blinding disease
caused by photoreceptor cell degeneration. This study aims to determine magnetic resonance
imaging (MRI) changes in retinas of 1- and 3-month-old rd1 mice. Apparent diffusion coefficient
in retina was measured using diffusion MRI. The blood-retinal barrier leakage was evaluated
using gadolinium-diethylenetriaminepentaacetic acid-enhanced T-weighted MRI before and after
systemic gadolinium-diethylenetriaminepentaacetic acid injection. Photoreceptor degeneration in
rd1 retina was apparent by decreased retinal thickness and loss of water diffusion anisotropy in
both 1- and 3-month-old rdZ mice. Furthermore, statistically significant increase of mean retinal
apparent diffusion coefficient and gadolinium-diethylenetriaminepentaacetic acid-enhanced T+-
weighted MRI signals were observed in 3-month-old r@Z mice comparing with age-matched wild-
type mice. Together, these data suggest that MRI parameter changes can signature common
pathological changes in photoreceptor-degenerated eyes, particularly blood-retinal barrier leakage-
induced retinal edema.
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Retinitis pigmentosa (RP, prevalence 1/4000) is a group of hereditary retinal diseases
characterized by progressive photoreceptor cell degeneration. The diagnosis of RP relies
upon the clinical history of progressively decreased visual acuity and function. Recent report
has assessed cell loss-induced retinal thinning using optical coherence tomography (OCT)
(1). Unfortunately, retinal edema, e.g., edematous retinal thickening (2,3), is common in RP
patients. Retinal edema alone also causes increase in retinal thickness, which is associated
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with visual loss and morbidity in RP, thus complicating the diagnosis and follow-up of
patients with RP.

Clinically, retinal edema in RP has been linked with blood-retinal barrier (BRB) breakdown
(4). However, excessive extracellular water accumulation can result from either retinal
leakage (i.e., vasogenic retinal edema) or osmotic water movement in the absence of retinal
leakage (i.e., cytotoxic retinal edema). At present, it is not clear which mechanism of retinal
edema in late stage experimental RP dominates (5). Noninvasive method for specific
assessment of vasogenic retinal edema is desired to better understand the disease pathology.

Magnetic resonance imaging (MRI) is a noninvasive method for evaluating BRB leakage
and tissue edema in central nervous system. BRB breakdown can be sensitively detected by
dynamic contrast-enhanced MRI (DCE-MRI) wherein the leakage of gadolinium-
diethylenetriaminepentaacetic acid (Gd-DTPA) into the vitreous results in MR signal
enhancement (6). In addition, increased extracellular water content associated with
vasogenic tissue edema can also be objectively evaluated by detecting increased apparent
diffusion coefficient (ADC) of tissue water using diffusion-weighted MRI (DWI) (7). Our
previous results have shown that DWI delineates cell layer-specific ADC in normal retina
raising the possibility of using this technique to assess retinal edema associated with RP (8).

In this study, we applied Gd-DTPA-enhanced Tq-weighted (T1W) MRI and DWI to
examine possible MRI manifestations associated with BRB leakage and vasogenic edema in
the retinal degeneration-1 (rd) mice. The rdZ mouse is a well-established animal model of
RP (9). The retina of rdZ mice undergoes rapid photoreceptor cell degeneration from the
second postnatal week (10). By 4 weeks of age, nearly all photoreceptor cells have been lost
resulting in ~50% decrease of retinal thickness relative to that in age-matched wild-type
(WT) mice. The degeneration of photoreceptor cells in rdZ mice subsequently causes
progressive loss of the retinal layer that forms the tight cell-cell junctions of the outer BRB,
the retinal pigment epithelium (RPE) (11). In 1-1.5-month rdZ mice, the first degenerative
change of this layer includes flattening of RPE cells into a thin layer without detectable cell
loss. By 2 months of age, some RPE cell loss is evident, and RPE cell reduction increased
rapidly by 3 month of age (12). Thus, this study was designed to noninvasively reveal
additional pathogenic changes as a consequence of RPE cell loss in 1- and 3-month-old rdZ
mice eyes. Our results consistently showed that Gd-DTPA-enhanced T{W MRI detected
BRB breakdown in 3-month-old, but not in 1-month-old rdZ mice. In addition, DWI
detected an increase of retinal ADC in 3-month-old rdZ mice, suggesting the development of
vasogenic retinal edema correlating with the incidence of BRB breakdown. Thus, our results
demonstrated MRI signatures in response to vasogenic retinal edema that is independent to
the changes in retinal thickness.

MATERIALS AND METHODS

All procedures in this study conformed to the guidelines set forth by Animal Studies
Committee of Washington University in St. Louis.

Animal Model

One- and three-month-old male C57BL/6J-Pdebt’®. fe/ Pdety™? Je (rd1; Jackson lab, Bar
Harbor, Marine) and WT C57BL/6 (Harlan Laboratory, Indianapolis, IN) mice were
examined (n = 5 for each group). Mice were anesthetized by intraperitoneal injection of
ketamine (87 mg/kg) and xylazine (13 mg/kg) followed by constant subcutaneous infusion
of ketamine (54 mg/kg/h)/xylazine (4 mg/kg/h). The infusion rate of ketamine/xylazine
cocktail for individual mouse was adjusted to maintain the respiratory rate between 150 and
210 breaths/min throughout the experiment. Animal body temperature was maintained at
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37°C and monitored using a small animal heating and monitoring system (SA instruments,
NY).

MRI Protocol

MRI of the mouse eye was performed on a Varian 11.74T UNITY-INOVA scanner using a
custom-built solenoid coil for radio-frequency transmission and signal reception. All images
were acquired on a nasal-temporal slice that bisects the eye through the optic nerve head.

A spin-echo diffusion-weighted sequence was performed as previously described (8).
Briefly, three orthogonal diffusion gradients were applied in directions: parallel to, and in-
and out-of-plane perpendicular to the axis of the optic nerve. In each direction, a pair of
diffusion-weighted images was acquired with positive and negative diffusion gradients
permitting postprocessing to minimize the background magnetic field gradient effect on the
diffusion measurement. Acquisition parameters were: slice thickness 400 pm; field-of-view
6 x 6 mm?; in-plane resolution 47 x 47 um?; data matrix 128 x 128 (zero filled to 256 x
256); number of averages 2; repetition time 1.5 sec; echo time 34 msec; diffusion gradient
on time (8) 5 msec; duration time between two diffusion gradients (A) 15 msec; 4-values 0
and 954 sec/mm2. All diffusion-weighted images were acquired with respiratory gating.

Gd-DTPA-enhanced T;W MRI was performed to assess the BRB integrity. Three
precontrast T{W images were acquired before the injection of Gd-DTPA, and the average of
vitreous signal intensity was used as the baseline. Subsequently, animals were injected with
a single dose of Gd-DTPA (1 mmol/kg) through an intraperitoneal catheter followed by
continuous acquisition of fifteen T{W images in 30 min. Acquisition parameters were:
repetition time 1 sec; echo time 16 msec; field-of-view 6 x 6 mm?; data matrix 128 x 64; in-
plane resolution 47 x 94 um?; slice thickness 400 pm.

Data Analysis

The segmentation of retinal layers was performed as previously described (Fig. 1) (8).
Briefly, the retina/choroid complex was first identified based on its hyperintensity on
diffusion-weighted images. After the segmentation of retina/choroid complex, finer
segmentation of retinal layers was performed by the MR signal intensity. For WT mice, the
choroid and three MR-detected retinal layers (i.e., inner, middle, and outer layer) were
identified. For rdZ mice, the choroid and a single MR-detected retinal layer were identified.
The region of interest was defined as a pair of retina segments at each side of the optic nerve
for quantifying MRI parameters. The two ends of each segment were ~260 and 790 pm
away from the optic nerve. To reduce the partial volume effect from the vitreous, the pixel
adjacent to vitreous on zero-filled images (in-plane resolution = 23 x 23 um?) was excluded
in data analysis. Thus, the analyzed retina layer in rdZ mice is approximately three pixels
thick.

Diffusion-weighted MR images were processed as previously described (8) to determine the
mean ADC and two directional components, i.e., ADC|| and ADC ., respectively, in the
directions parallel and perpendicular to the optic nerve.

Gd-DTPA-induced vitreous MR signal enhancement was determined using a region of
interest covering the entire vitreous space defined on the baseline image and then applied to
all postcontrast images. The signal change of each pixel in the region of interest was
calculated as [S(9) — S(0)]/S(0), where S(J) is the postcontrast signal intensity at time ¢and
S0) is the baseline signal intensity. The signal intensity change was measured up to 30 min
after Gd-DTPA injection to detect coherent and progressive signal enhancements in the
vitreous.
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Animals were euthanized after the conclusion of MRI. Eyes were enucleated and flash-
frozen. The frozen eyes were sectioned at 8-pum thick through the optic nerve head and
perpendicular to retina. Tissue sections were stained with hematoxylin and eosin (H&E) for
morphological analysis of the retina.

All statistical analyses were performed using SAS software (SAS Institute, Cary, NC).
Quantitative data were expressed as mean + SD. For comparisons between two experimental
groups, the significance of the difference between the means was calculated. Two-way
ANOVA was used to test the difference of: (1) ADC|| and ADC. among the inner, middle,
and outer layer of WT mice and the remaining retina of rdZ mice; (2) mean ADC in the
inner layer of WT mice and the remaining retina of rdZ mice at 1 and 3 months of age; (3)
Vitreous signal enhancement of rdZ and WT mice at each time point after Gd-DTPA
injection. When an overall significance of £< 0.05 was attained by ANOVA, comparisons
between the means were performed using the Freeman-Tukey test.

DWiI-Detected Photoreceptor Cell Degeneration in rd1 Mice

Figure 1 shows MR and histology images of the retina of WT and rdZ mice. The retina/
choroid complex was hyperintense on diffusion-weighted images in all mice. The reduced
thickness of retina/choroid complex in rdZ mice due to the degeneration of photoreceptor
cells is visually apparent. Nondiffusion-weighted images identified multiple signal intensity
layers in the retina/choroid complex (Fig. 1). Based on our previous observations in WT
mice (8), the outmost bright MR-detected layer is assigned to the choroid in both WT and
rd1 mice. Thus, three MR-detected retinal layers, i.e., inner (dark), middle (bright), and
outer (dark) layers, were observed in WT mice. In contrast, only a single MR-detected
retinal layer exhibiting dark signal intensity was observed in rdZ mice.

Figure 2 shows the quantified ADC|| and ADC.. in each MR-detected retinal layer of rd1
and WT mice. ADC]|| was ~2-fold higher than ADC.. (P < 0.05) in the outer retinal layer of
WT mice. In contrast, ADC|| was comparable with ADC.. in the inner retinal layer of WT
mice. Comparable ADC]|| and ADC.. were also observed in the rdZ mouse retina reflecting
the loss of diffusion anisotropy after the degeneration of parallel aligned photoreceptor cells.

The mean ADC of all MR-detected retinal layers of WT mice exhibited no statistically
significant difference between first and third month of age (Fig. 3). However, mean ADC in
the remaining retina of rdZ mice increased ~ 30% from 1-3 months of age, suggesting a
possible late development of retinal edema in 3-month-old rdZ mice.

Gd-DTPA-Enhanced T;{W MRI Detected BRB Breakdown in 3-Month-OId rd1 Mice

Gd-DTPA-enhanced T{W MRI was performed to assess BRB breakdown as a potential
cause of the increased mean retinal ADC in 3-month-old rdZ mice. Thirty minutes after
systemic injection of Gd-DTPA, no apparent increase in vitreous MR signal was observed
for 1-month-old rdZ mice or any WT mice (Fig. 4A,B). In contrast, a substantial increase of
MR signal was observed in the vitreous of 3-month-old rdZ mice at 10 min after Gd-DTPA
infusion that progressively diffuses to the entire posterior vitreous cavity (Fig. 4C), a clear
sign of BRB breakdown. At 30 min after Gd-DTPA treatment, the extent of vitreous signal
enhancement was significantly higher in 3-month-old rdZ mice (37 £ 7%) than that of 1-
month-old rdZ and WT mice (~ 10%; P < 0.05).
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DISCUSSION

In this study, in vivo MRI was applied to assess retinal degeneration and remodeling in rd
mice. Diffusion MRI detected reduction in retinal thickness, and loss of water diffusion
anisotropy resulting from photoreceptor cell degeneration. In vivo measurements allow
objectively mapping the temporal evolution of the mean retinal ADC and changes of
vitreous signal intensity following systemic Gd-DTPA injection to visualize vasogenic
retinal edema following photoreceptor degeneration. These data highlight the potential of in
vivo MRI to detect photoreceptor cell loss and the resultant edema in retinal degenerative
models.

The MR-detected retinal layers in WT mice were assigned according to our previous report
where histology and MR-detected thickness of corresponding layers were compared. The
MR-detected inner, middle, and outer retinal layers in WT mice (Fig. 1e and h) were
tentatively assigned to nerve fiber layer/ganglion cell layer/inner plexiform layer (NFL/
GCL/IPL), inner nuclear layer/outer plexiform layer (INL/OPL), and photoreceptor cell
outer nuclear layer/inner segment/outer segment (ONL/IS/OS) as previously described (8).
Because of the degeneration of photoreceptor cells in rdZ mice, histology determined retinal
thickness were 91 + 5 um and 80 £ 1 wm at first and third month of age, respectively. Thus,
the used 47-um in-plane resolution of MR image was insufficient to accurately resolve the
retinal layer thickness in rdZ mice. The single MR-detected dark retinal layer in raZ mice
was tentatively assigned to NFL/GCL/IPL, because ADC]| is comparable with ADC.. in this
remaining retina layer. The bright INL/OPL was not identifiable from the adjacent bright
choroid after the loss of photoreceptor cells. The current tentative assignment of the
remaining rdZ retinal layer as NFL/GCL/IPL based on diffusion MRI property is also
consistent with that determined functionally using manganese-enhanced MRI (13) in 3-
month-old rdZ mice.

Photoreceptor degeneration leads to BRB breakdown in both experimental (12) and clinical
(14) subjects. In the present study, the integrity of BRB was assessed in vivo using Gd-
DTPA-enhanced T;W MRI, a noninvasive MRI technique sensitive to BRB breakdown-
induced vascular leakage (15). Thirty minutes after Gd-DTPA infusion, vitreous T, W signal
in 1-month-old rdZ mice and all WT mice increased by ~10% consistent with previously
reported values (16). In contrast, ~40% increase of vitreous T, W signal was observed in 3-
month-old rdZ mice. At the concentrations expected in the vitreous, the T{W signal is a
linear function of vitreous Gd-DTPA (15), and so the increased T, W signal in 3-month-old
rd1 mice is consistent with BRB damage and leakage of Gd-DTPA into the vitreous (6).

BRB breakdown leads to fluid accumulation in the interstitial space of retina causing retinal
edema impairing retinal function in RP (3). However, the diagnosis of vasogenic retinal
edema in most clinical and experimental RP subjects is complicated by the progressive cell
degeneration-induced retinal thinning. Previous studies in the central nervous system
diseases have demonstrated vasogenic tissue edema can be detected by correlating ADC
increase and coexisting blood-tissue barrier breakdown (17). In the present study, both
retinal ADC increase and BRB breakdown were detected in 3-month-old 747 mice
suggesting the presence of vasogenic retinal edema. In contrast, the absence of retinal Gd-
DTPA leakage in 1-month-old rdZ mice, as well as no statistical significant difference of
mean ADC between the remaining retina of 1-month-old r@Z mice and the corresponding
inner MR-detected retinal layer of age-matched WT mice, argues against vasogenic retinal
edema at this time point. The observed low diffusion anisotropy in the retina of 1-month-old
rd1 mice, as demonstrated by comparable ADC]|| and ADC., is likely a function of less
organized inner retinal cell structure than that of controls, instead of vasogenic edema.
Unfortunately, validating the presence of vasogenic retinal edema based on retinal
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thickening in 3-month-old rdZ mice is difficult, because the rdZ mouse retina undergoes
progressive loss of inner retinal neuron cells that may lead to retinal thinning. This work sets
the stage for additional studies to correlate the increased ADC with BRB breakdown-
induced retinal thickness change to evaluate the sensitivity and the specificity of increased
ADC and BRB breakdown as markers of vasogenic retinal edema.

OCT has been widely used in both clinical and animal research due to its high resolution and
rapid imaging. Kim et al. (18) showed that the spectral-domain OCT may be used to monitor
the progression of retinal degeneration in rdZ mice. Ruggeri et al. (19) also used high
resolution OCT system to obtain 3D view of retinal layers in rhodopsin knockout mice, a
model for photoreceptor degeneration. Despite its extremely high spatial resolution in vivo,
OCT does not distinguish edema from cell swelling within the retina nor provide
information on BRB integrity. In addition, the potential of OCT to detect vasogenic retinal
edema-induced retinal thickening in RP is limited because of the concurrent retinal thinning.
Compared with OCT, MRI possesses unique advantages to delineate cellular organization,
cell injury, blood perfusion, and neuron activity. Combining these thickness independent
measures with OCT may provide novel opportunity to more accurately assess the underlying
pathology in retinal diseases.

One practical limitation of the rdZ model used in this study is the difficulty of choosing an
early time point before 1 month of age of rdZ mice. An early time point would demonstrate
the progressive nature of the degeneration. We had tried and failed to image younger pups to
demonstrate the “early detection” capability of MRI in retina pathology. Specifically, the
mouse retina is not fully developed at birth. The photoreceptor inner and outer segments in
WT mice develop between the second and third postnatal weeks. The photoreceptor
degeneration in rdZ mice started from the second postnatal week, which overlaps with the
postnatal development of photoreceptor cells. This makes it difficult, if not impossible, to
choose an early time point to demonstrate the existence of progressive photoreceptor
degeneration of rdZ and WT mice before the changes begin.

In summary, our results on rdZ mice highlighted DWI and Gd-DTPA-enhanced T{W MRI
signatures in response to retinal degeneration. Well-validated MRI markers may be used to
characterize the mechanisms underlying retinal edema formation in vivo. These MRI
methods may be further applied to longitudinally evaluate the progression of retinal
remodeling in other animals models of slow retinal degeneration. Finally, the MRI
signatures described herein may benefit the development of novel therapeutic approaches on
retinal degeneration and edema.
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3-month WT

FIG. 1.

Representative diffusion-weighted images of the eyes of 1- and 3-month-old rdZ mice and
age-matched wild-type mice (a—d). The retina/choroid complex (arrows) was hyperintense
on all diffusion-weighted images. Nondiffusion-weighted images of the same mouse eyes
show three MR-detected retinal layers, exhibiting dark (inner)—bright (middle)—dark
(outer) signal intensity in wild-type and a single dark MR-detected retinal layer in rdZ retina
(e-h). Arrow heads indicates the bright choroid layer. H&E stained slices of wild-type and
rd1 mouse retinas show the absence of photoreceptor cells in rdZ mice (i-).
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FIG. 2.
ADC]|| and ADC.. in respective retinal layers of wild-type and the remaining layer of rdz
mice were determined at first (a) and third month (b) of age. *, £< 0.05.
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FIG. 3.

DW!I1 determined mean ADC in the remaining retina of rdZ mice and in all MR-detected
layers of wild-type mouse at of first and third month of age. *, < 0.05. Mean ADC in three
MRI-detected retinal layers of wild-type are comparable at the age of first and third month.
The mean ADC of 3-month-old rdZ is significantly higher than that in 1-month-old rdZ, but
both are within the control range for the MR-detected inner layer of the same age WT.
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FIG. 4.

Representative MR images of the eyes of a 3-month-old WT, 1- and 3-month-old raZ mice
at baseline and T1W signal enhancement in the same eyes at 10, 20, and 30 min after
intraperitoneal injection of Gd-DTPA (a—c). Quantitative analysis shows that the vitreous
signal in 3-month-old rdZ mice increases monotonically after Gd-DTPA injection and is
~40% higher than the baseline value at 30 min (d). In contrast, only around 10% vitreous
signal enhancement was observed in 1-month-old r@Z mice and all WT mice. *, < 0.05
compared with 1-month-old rdZ mice and all WT mice at 10 min; **, £< 0.005 compared
with 1-month-old rgZ mice and all WT mice at 20 min and all time points after that.
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